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FOREWORD 

The  Ninth  Biennial  Guidance  Test  Symposium  was  held  at 
Holloman  Air  Force  Base,  New  Mexico  10-12  October  1979.  These 
symposia  are  hosted  by  the  Central  Inertial  Guidance  Test 
Facility  (CIGTF) .  These  meetings  bring  together 
approx imatel y  4S0  people  from  industry,  educational 
institutions,  foreign  governments,  the  Department  of  Defense 
and  other  Government  agencies.  The  goal  is  to  provide  a 
forum  for  the  exchange  of  technical  information  and  the 
stimulation  of  new  ideas  related  to  the  testing  of  aided  and 
unaided  inertial  guidance  systems  and  components. 

Many  excellent  papers  were  received  for  presentatfon  at 
this  meeting,  but  due  to  the  time  available  only  a  portion  of 
those  submitted  could  be  included. 

The  paper  selection  committee,  headed  by  Dr.  F.  F.  Kuhn 
of  the  Centrial  Inertial  Guidance  Test  Facility,  included  Col 
R.  E.  Clark,  Aeronautical  Systems  Division;  Col  0.  Tedeschi, 
Air  Force  Armament  Laboratory;  Col  D.  Henderson,  Space  and 
Missile  Systems  Organization;  Dr.  H.  Sorenson,  University  of 
California  at  San  Diego;  Major  T.  Swartz,  HQ  USAF;  Mr.  D. 
Dickman  (Ret),  formerly  of  HO  USAF;  Col  L.  Sugerman,  USAF 
(Ret),  Physical  Science  Laboratory,  New  Mexico  State 
University;  Mr.  F.  Guenthner ,  Consultant  to  Space  and  Missile 
Systems  Organization;  Mr.  T.  Sanders,  Naval  Air  Development 
Center;  and  Dr.  H.  Pastrick,  Office  of  the  Under  Secretary  of 
D  •  f ense . 


In  addition  to  those  listed  above  and  the  contributing 
authors,  a  large  number  of  people  contributed  to  the  success 
of  this  meeting  and  I  wish  to  express  my  appreciation  to  each 
for  his  efforts.  Special  thanks  go  to  our  symposium  manager, 
Mr.  G.  Mozer. 

This  document  is  published  only  for  the  exchange  and 
stimulation  of  ideas.  Its  publication  does  not  constitute 
Air  Force  approval  of  the  documents'  findings  or  conclusions. 


J KjCtC'  < 

ROBERT  E.  BEALE,  Colonel,  USAF 
Deputy  Commander,  6585th  Test  Group 


ABSTRACT 


These  proceedings  contain  papers  included  in  the  Ninth 
Biennial  Guidance  Test  Symposium.  This  symposium,  hosted  by 
the  Central  Inertial  Guidance  Test  Facility,  is  directed 
toward  the  exchange  of  information,  stimulation  of  new  ideas 
and  discussion  of  recent  developments  in  the  field  of 
guidance  testing.  The  papers  presented  include  such  topics 
as  the  Global  Positioning  System,  the  Space  Shuttle,  Aircraft 
Inertial  Navigators,  Component  Evaluation,  Advanced  Guidance 
Methodology,  Missile  Guidance  Systems  and  Analysis 
Techniques.  The  included  papers  wore  those  presented  in  the 
unclassified  sessions  of  the  symposium.  Papers  presented  in 
the  classified  portions  of  the  meeting  are  being  published  as 
Volume  II. 
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Abstract  -  This  paper  presents  a  general  overview  cf  the  capabilities  of 
the  Global  Positioning  System  User  Equipment  Evaluator  (GPSE)  at  Wright- 
Patterson  AFB,  Ohio.  The  GPSE  is  capable  of  electrically  simulating  the 
flight  conditions  a  typical  GPS  receiver  would  expect.  The  effects  of 
errors  are  all  controlled  and  repeatable  for  each  simulation.  The  GPSE 
is  also  capable  of  jamming  valid  satellite  signals  with  various  signal 
formats.  The  simulation  is  controlled  by  a  POP  11/70  which  makes  the 
evaluator  adaptable  to  user  equipment  requirements.  The  effects  of  the 
user's  IMU  errors,  clock  drift,  antenna  pattern,  and  jamming  immunity  are 
all  calculated  by  the  11/70  which  then  controls  the  various  satellite, 
jammer,  and  data  signals  seen  by  the  user  equipment.  The  duration  of  a 
flight  simulation  is  theoretically  unlimited;  however,  equipment  speci¬ 
fications  limit  present  flight  time  to  10  hours.  The  present  system  is 
configured  for  aircraft  flight  simulation;  however,  vehicle  parameter 
software  can  be  changed  to  simulate  ships,  tanks,  or  missiles. 
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GLOBAL  POSITIONING  SYSTEM  EVALUATOR  (GPSE) 


Int  roduct ion 

The  Global  Positioning  System  (GPS)  is  a  proposed  worldwide  navigation 
system  consisting  of  a  24  satellite  reference  grid.  Reception  of  any  four 
properly  positioned  satellites  will  provide  a  triangulation  type  reference 
point  to  a  navigation  user  equipment  (UE).  The  proposed  system  of  ?4  sat¬ 
ellites  will  not  be  available  until  mid  to  late  1980's.  There  are  presently 
10  to  15  user's  receivers  under  test  or  development.  The  options  for  test¬ 
ing  of  present  UE  is  either  field  testing  with  the  four  developmental  satel¬ 
lites  in  orbit  or  by  simulation.  A  GPS  Evaluator  was  developed  by  the  Air 
Force  Avionics  Laboratory  in  Ohio  for  the  express  purpose  of  simulating  a 
fully  operational  GPS  environment.  This  paper  will  describe  the  functions 
and  limitations  of  the  GPSE. 


Cons iderat ions 

Before  embarking  on  a  description  of  GPSE,  a  brief  tutorial  on  the  nec¬ 
essary  electrical  signals  for  navigation  and  simulation  considerations  will 
be  covered. 

The  precise  navigational  capability  of  GPS  is  inherent  in  the  pseudo 
random  or  pseudo  range  codes  transmitted  by  each  of  the  24  satellites.  All 
satellites  are  synchronized  v  a  a  ground  station  to  a. very  precise  GPS  time. 
Hie  precision  of  the  time  and  code  rate  determines  the  lower  bound  on  navi¬ 
gation  performance.  Each  satellite  has  a  dedicated  IOMH2  linear  pseudo 
range  code  that  repeats  approxi mate ly  every  8  days.  Additionally,  each 
satellite  has  a  dedicated  1MHz  code  that  repeats  every  millisecond.  The 
10MHz  code  is  called  the  precise  code  or  P-code  and  the  1MHz  code  is  the 
clear  acquisition  or  C/A  code.  The  P  and  C/A  codes  are  transmitted  in  a 
QPSK  format  on  a  1227.6MHz  carrier  and  the  P-code  is  transmitted  in  a  BPSK 
format  with  a  1575.42MHz  carrier.  The  separation  of  frequencies  allows 
the  receiver  to  compare  arrival  times  of  the  P-codes  and  thus  calculate 
ionospheric  delay  for  use  in  the  navigation  solution.  The  1575.42  MHz 
carrier  is  the  LI  frequency  and  the  1227.6  MHz  carrier  is  the  L2  frequency. 

A  50  BPS  data  rate  is  modulated  on  both  the  LI  and  L2  codes.  The  data 
consists  of  a  handover  word  (HOW),  ephemorls,  satellite  clock  bias,  satel¬ 
lite  health,  and  a  satellite  almanac.  The  HOW  is  a  message  usually  received 
on  the  C/A  code  and  provides  the  receiver  with  information  necessary  to  aid 
in  the  acquisition  of  the  P-code.  The  satellite  ephemeris  is  updated  by 
the  ground  station  after  the  satellite  has  been  tracked  over  a  portion  of 
its  orbit  by  other  ground  stations.  The  satellite  clock  bias  is  provided 
to  the  satellite  by  the  ground  station  based  on  the  ground  station's  inte¬ 
gration  of  the  satellite's  LI  and  L2  codes,  and  tracking  information.  Since 
all  satellites  are  in  a  12  hour  orbit,  and  due  to  the  positioning  of  those 
orbits,  all  satellites  will  pans  within  sight  of  a  central  ground  station. 
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at  lease  once  during  a  24  hour  period,  thus  allowing  for  one  reference 
clock  at  the  ground  station  that  will  be  used  to  synchronize  all  24  satel¬ 
lites.  This  reduces  position  errors  caused  by  clock  bias  to  a  minimum. 

The  satellite  health  word  tells  the  user  whether  the  information  trans¬ 
mitted  by  a  particular  satellite  is  reliable.  This  message  is  also  pro¬ 
vided  to  the  satellite  via  ground  station  monitoring.  Finally,  the  satel¬ 
lite  almanac  allows  the  receiver  to  lock  on  to  one  satellite  and  decode 
the  position  of  all  other  satellites  in  orbit  (1).  In  addition  to  providing 
useful  information,  the  data  storage  capability  of  the  UE  is  reduced  as  the 
satellite  can  provide  necessary  navigation  information. 

Precise  navigation  is  accomplished  when  the  UE  receives  signals  from  four 
properly  spaced  satellites.  The  geometry  of  the  satellites  religates  the 
precision  at  which  the  UE  can  determine  its  position.  For  example,  four 
satellites  in  close  proximity  of  each  other  provide  poor  geometry,  whereas 
one  satellite  overhead  and  three  satellites  spaced  120°  apart  on  the  horizon 
provide  good  geometry.  The  four  satellites  are  necessary  to  solve  four 
equations  with  the  four  unknowns  of  delay  of  signal  from  each  satellite. 

Based  on  the  absolute  delay  of  the  codes  from  each  satellite,  clock  bias, 
and  satellite  position  from  ephemeris  the  receiver  can  calculate  its  posi¬ 
tion.  The  UE  can  also  navigate  with  less  than  four  satellites  in  a  de¬ 
graded  mode  by  receiving  position  reference  from  another  source  such  as  a 
barometric  altimeter. 

The  GPS  system  is  a  stand-alone  navigation  system;  however,  other  nav¬ 
igation  instruments  such  as  an  inertial  measurement  unit  (IMU)  can  be  used 
to  aid  in  satellite  acquisition,  reacquisition,  and  tracking  in  a  high  dy¬ 
namic  maneuver.  A  GPS  Evaluator  must  therefore  provide  corresponding  iner¬ 
tial  simulation  to  the  UE  along  with  satellite  signals  to  stimulate  naviga¬ 
tional  responses  from  the  UE  under  test.  In  a  real  world  environment  there 
are  undesired  signals  that  accompany  the  desired  signals,  either  as  Radio 
Frequency  Interference  (RFI)  or  intentional  jamming.  The  GPSE  therefore 
must  provide  these  extraneous  signals  as  part  of  a  simulation. 

The  next  section  is  a  description  of  the  GTSE  system  and  how  various 
portions  of  the  system  are  used  to  simulate  the  GPS  environment. 


System  Description 

The  GPSE  is  a  totally  self-contained  evaluation  facility.  It  generates 
the  required  satellite  RF  signals,  and  sensor  inputs  for  real  time  flight 
simulation  and  analyzes  the  performance  of  the  UE  on  each  flight  after  it 
is  flown.  The  facility  consists  of  three  rooms  and  is  laid  out  as  shown 
in  Figure  1.  The  simulation  equipment  consists  of  two  major  subsystems, 
the  data  processor  (DP)  and  the  simulation  hardware. 

The  data  processor  consists  of  an  off-the-shelf  PDP  11/70  computer, 
four  magnetic  tape  units,  an  RP05  disk,  line  printer,  and  CRT  displays. 

The  functions  of  the  DP  will  be  described  in  detail  in  the  software  section 
of  this  paper  (2) . 
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Simulation  Hardv >re 


The  slmulat  U  hardware  equipment  shown  In  Figure  1  la  controlled  via 
the  software  In  die  DP.  The  Interconnection  of  the  various  assemblies  la 
shown  In  Figure  2.  The  DP  communicates  with  the  Unit  Device  Controller 
Assembly  (UDCA)  during  a  real  time  simulation  (1). 

Dull  Device  Controller  Assembly  ( UPC A) .  The  UDCA  serves  two  main  func¬ 
tions  in  the  CPSE.  During  a  real  time  simulation  the  UDCA  acts  as  a  com¬ 
munications  processor  and  as  a  maintenance  tool  in  the  off-line  mode.  In 
a  real  time  simulation  the  UDCA  transmits  and  receives  commands  from  the 
DP  and  In-turn  times  and  formats  these  commands  for  the  various  simulation 
hardware  assemblies.  In  the  maintenance  mode  the  CRT  terminal  connected 
to  the  UDCA  allows  the  technicians  to  address  Individual  assemblies. 

The  UDCA  contains  no  operating  system  as  does  the  DP  and  Is  therefore 
programmed  In  assembly  language.  Since  assembly  language  Is  rather  awkward 
without  an  operating  system,  the  DP  is  used  to  edit  and  compile  programs 
for  the  UDCA.  Programs  complied  on  the  DP  are  recorded  on  cassettes  which 
are  then  read  by  the  cassette  unit  Integral  to  the  UDCA  CRT  terminal. 

The  present  configuration  of  the  UDCA  as  a  message  processor  during 
real  t Ime  has  room  for  future  expansion  of  hardware  capabilities.  One  of 
these  such  expansions  under  development  at  ARAL  is  automatic  switching  of 
satellite  PN  codes  and  antenna  port  selection  (4).  It  Is  also  conceivable 
that  additional  satellite  signal  generation  hardware  can  be  added  to  pro¬ 
vide  the  UF.  with  access  to  6-10  satellites  simultaneously.  Each  satellite 
signal  Is  generated  in  a  separate  satellite  signal  RF  generator. 

Satellite  Signal  Generator  Assembly  (SSCA) .  The  satellite  signal  gen¬ 
erators  consist  of  five  separate  satellite  signal  RF  modules.  The  SSCA 
can  provide  five  satellite  signals  simultaneously  for  the  user  equipment. 

The  normal  mode,  however,  is  four  satellite  signal  generators  on  line  and 
a  fifth  generator  as  a  spare.  The  spare  channel  can  he  configured  for  the 
next  expected  satellite  to  be  used  by  the  UK. 

The  SSC's  consist  of  a  baseband  unit  which  generates  the  1.1  and  1.2 
codes  and  an  RF  section  which  uses  the  baseband  signals  to  modulate  the 
BPSK  or  QPSK  format.  The  baseband  units  are  also  provided  with  the  50BPS 
data  via  the  11/70  through  the  11/04  device  controller.  This  allows  the 
navigation  message  to  be  updated  in  real  time  and  for  the  spare  channel  to 
he  switched  to  a  new  satellite  as  necessary.  The  carrier  frequency  for 
each  modulator  and  the  1.1  and  1.2  codes  must  he  delayed  and  doppler  shifted 
by  the  appropriate  amount  to  simulate  user  and  satellite  range  and  motion. 
The  Dynamic  Frequency  Synthesizer  provides  the  required  delays  and  frequency 
shifts. 

Dynamic  Frequency  Synthesizer  Assembly  (DFSA) .  The  DFSA  is  a  live  chan¬ 
nel  hardware  digital  integrator,  allowing  one  Integration  for  each  satellite 
channel.  The  output  of  the  integrator  Is  used  an  a  reference  for  a  phase 
lock  loop  to  drive  the  various  clocks  and  modulators  in  the  SSCA.  The  DFSA 
provides  fine  frequency  resolution  over  a  wide  frequency  range  necessary  to 
simulate  satellite  and  user  vehicle  dynamics. 


The  UDCA,  by  conauand  from  the  DP,  loads  a  digital  register  which  la  the 
Input  for  Jerk,  acceleration,  and  velocity  to  the  integrator  which  then 
provides  position  in  terms  of  delay  and  doppler  frequency  to  the  SSGA.  The 
Ionospheric  differential  delay  between  LI  and  1,2  frequency  is  accomplished 
by  loading  a  differential  delay  value  in  the  L2  velocity  Integrator  prior 
to  clocking  the  L2  1*  and  C/A  code  generators. 

The  DPSA  Is  used  as  a  reference  to  the  phase  lock  loops  to  provide  pre¬ 
cise  computer  controlled,  repeatable  scenarios.  The  total  accumulated 
range  error  after  a  10  hour  mission  Is  on  the  order  of  .1  meter  absolute 
position  ambiguity.  Since  the  expected  accuracy  of  most  user  sets  is  on 
the  order  of  10  meter  range  ambiguity,  the  CPSK  introduces  very  little  un¬ 
certainty  to  the  truth  model  (5). 

Jaiwner  Generator  Assembly  (JGA) .  The  Jammer  Generators,  five  total, 
are  controlled  based  on  a  particular  scenario  programmed  in  the  DP.  The 
DP,  through  the  UDCA,  turns  the  Jamners  on  or  off,  attenuates  the  Jammer 
power  based  on  antenna  pattern  selected,  path  loss,  shifts  frequency  of 
the  jammer  for  a  frequency  hop  simulation,  or  accepts  up  to  three  external 
Jammer  sources  for  future  threats  and  investigations. 

The  RF  Interference  investigation  is  accomplished  in  the  same  manner 
as  Jamming  tests,  however,  RF  Interference  sources  are  used  on  the  external 
inputs  to  the  jammer  ports.  The  external  ports  can  also  be  used  to  test 
multipath  effects  by  splitting  a  particular  satellite  signal  and  providing 
a  delayed  version  to  an  external  Jammer  port.  The  multipath  satellite  sig¬ 
nal  will  then  be  attenuated  by  the  particular  antenna  pattern. 

Satellite  Signal  Comb lner/ Noise  Generator  Assembly  (SSC/NGA) .  The 
SSC/NG  combines  the  satellite  signals.  Jammer  signals,  and  excess  noise 
prior  to  supplying  the  RF  signals  to  the  UF.  via  the  bulkhead  between  the 
RF  screen  rooms.  The  signal  combination  is  based  on  the  type  of  antennas 
the  UK  is  planning  to  use  or  Is  using  in  actual  operation.  The  CPSE  has 
four  separate  ports  to  simulate  a  high  performance  four  beam  steered  an¬ 
tenna.  It  also  has  one  port  with  all  four  satellites  combined  to  simulate 
an  omn l-di rect lonal  type  antenna.  The  antenna  side  lobe  and  main  beam  at¬ 
tenuation  is  controlled  via  the  DP  selected  scenario  through  the  UDCA. 

In/ Out  Controller  Unit  (I/O  CP) «  The  I/O  CU  provides  all  sensor  inter¬ 
faces  to  the  UK  other  than  the  RF  signals.  These  signals  Include  a  serial 
MII.-STD-1553A  data  bus,  IRIG  time,  5MUz  clock,  and  altimeter  synchro.  The 
1551  serial  data  bus  is  primarily  for  half  duplex  serial  direct  memory  ac¬ 
cess  (DMA)  with  the  UDCA.  The  UDCA  in  turn  provides  DMA  data  from  the  UF. 
to  the  l)P  which  generates  l Mil  signals  and  barometric  altimeter  simulation. 
The  DP  also  records  antenna  point  ing  commands  generated  by  the  UF.  for  post- 
flight  processing. 

Functional  Test  Assembly  (FTA).  The  FTA  performs  two  major  functions 
during  the  real-time  simulations.  The  front  panel  of  the  FTA  has  LED's 
associated  with  the  assemblies  previously  discussed  to  visually  identify 
the  malfunction  of  any  of  these  assemblies.  A  second  set  of  LED's  is  used 
during  the  startup  of  a  real-time  simulation  to  synchronize  the  GPSF.  to  the 
UK. 
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The  ultimate  accuracy  of  the  CPSE  la  determined  by  the  timing  differ- 
encee  between  the  HE  and  CPSE.  In  order  to  minimize  timing  differences 
the  GPSE  provides  a  clock  signal  to  the  HE.  The  HE  Is  transmitting  data 
via  the  1S53  data  bus  which  Is  In-turn  received  and  processed  by  the  CPSE. 
The  synchronization  lights  on  the  ETA  allow  the  operators  to  a  null  timing 
bias  between  the  CPSE  and  HE.  Once  the  timing  bias  has  been  adjusted  man¬ 
ually  at  real-time  startup  the  CPSE  software  automatically  maintains  the 
proper  timing. 

CPSE  Software 

The  CPSE  facility  la  entirely  se 1 f -cont a ined  in  that  it  can  generate 
real-time  flight  stmulatlons  for  the  HE  and  analyze  the  results  of  the 
flight.  In  this  section  the  CPSE  1)P  software  is  described  and  Its  inter¬ 
face  to  the  various  CPSE  subsystems  through  the  UDCA  are  Indicated  when 
applicable. 

The  CPSE  software  Is  divided  Into  three  distinct  segments.  Each  seg¬ 
ment  Is  a  stand-alone  program  except  for  data  tapes  that  are  used  in  each 
successive  segment.  The  three  segments  will  be  described  individually  in 
the  sequence  In  which  they  are  used.  The  three  segments  are  the  Pre¬ 
computed  Simulation  (PCS),  Keal-Tlme  Simulation  (RTS),  and  Post-Run  Anal¬ 
ysis  (PRA) .  The  relationship  of  the  three  segments  Is  shown  In  Figure  3. 

Pre-Compote  Segment  (PCS)  .  The  PCS  segment  is  run  prior  to  the 

real-time  simulation  with  the  DP  Isolated  from  the  HOC  and  other  CPSE 
subsystems.  This  segment  precomputes  "truth  data"  for  use  in  the  real-time 
run  and  stores  this  information  on  magnetic  tape.  The  precomputation  of 
truth  data  is  necessary  as  the  complexity  of  the  real-time  simulation  is 
such  that  the  DP  could  not  handle  all  truth  and  real-time  computations  in 
real-time. 

The  types  of  truth  data  that  comprise  the  PCS  are  divided  into  sub¬ 
routines  relating  to  each  particular  portion  of  the  flight  simulation.  The 
subroutines  Include  a  user  vehicle  trajectory  generator,  an  ideal  IMH  sim¬ 
ulator,  an  antenna  lever  arm  simulator,  satellite  constellation  selection, 
satellite  ephemeris  generator,  user  satellite  geometry  calculation,  signal 
path  effects,  signal  derivative.  Jammer  trajectory,  user  jammer  geometry, 
and  Jamming  path  loss  calculations.  The  pre-computed  data  tapes  generated 
In  the  PCS  are  then  used  In  the  real-time  segment. 

Real-Time  Segment  (RTS) .  The  RTS  is  the  portion  of  testing  when  the 
user's  equipment  Is  subjected  to  navigation  sensor  inputs  from  the  various 
CPSE  subsystems,  e.g.,  errors  are  introduced.  The  HDCA  receives  commands 
from  the  DP  which  in-turn  is  using  the  pre-computed  data  tape  and  a  real¬ 
time  disc  file  as  a  data  base.  The  pre-computed  tape  contains  the  truth 
models  developed  in  the  PCS  and  the  disc  file  contains  the  parameters  for 
the  error  model  subroutines. 

The  RTS  subroutines  are:  IMH  error  simulator,  altimeter  error,  user 
clock  drift,  satellite  data  block  formatter,  antenna  pattern  simulator. 
Jammer  signal  control,  and  CPSE  synchronization.  The  RTS  generates  a  post¬ 
run  data  tape  that  contains  the  values  of  the  corrupted  truth  model  for  use 


in  the  post-run  analysis.  The  post-run  data  tape  also  records  GPSE  sub¬ 
system  health  and  user  equipment  antenna  pointing  commands.  The  UE  posi¬ 
tion  and  velocity  is  being  recorded  during  real-time  on  the  UE’s  instrumen¬ 
tation  tape.  The  UE's  instrumentation  tape  is  time-tagged  with  IRIG  time 
as  are  the  GPSE  pre-computed  and  post-run  data  tapes.  These  three  tapes 
are  used  in  the  post-run  analysis. 

Post-Run  Analysis  (PRA) .  The  PRA  segment  operates  in  non-real-time 
as  does  the  PCS.  Also,  the  DP  is  again  isolated  from  the  UDCA  and  UE.  The 
PRA  reads  the  truth  data  from  the  pre-computed  tape,  the  real-time  simula¬ 
tion  from  the  post-run  data  tape  and  the  UE  instrumentation  tape,  and  cor¬ 
relates  the  data  with  respect  to  a  common  data  base  and  computes  UE  naviga¬ 
tion  errors. 


Conclusion 

The  software  control  of  simulation  hardware  allows  the  GPSE  to  test 
developmental  concepts.  For  example,  since  the  software  generates  the 
antenna  sidelobe  attenuation  effects  the  actual  antenna  hardware  need  not 
exist  prior  to  GPSE  testing.  Similarly,  various  parameters  for  clocks  and 
IMU's  may  be  Investigated  without  the  need  for  actual  hardware. 

The  GPSE  provides  an  alternate  to  field  testing  of  GPS  user's  equipment 
with  the  advantage  of  repeatability  and  convenience.  The  present  and  future 
GPS  UE  are  complex  systems  requiring  a  rigorous,  controlled  method  of  testing 
to  verify  all  modes  of  operation.  The  software  control  of  the  simulation 
hardware  enables  the  GPSE  to  adapt  to  future  requirements  with  a  minimum  of 
modification. 
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ADDENDUM 


Upon  delivery  of  6PSE  to  the  Avionics  Lab,  the  system  began  validation 
testing.  This  testing  is  composed  of  two  phases.  The  first  being  to 
determine  how  accurate  a  simulation  GPSE  produces  and  the  second  to  ensure 
tests  were  repeatable. 

The  approach  was  to  utilize  the  Collins  Generalized  Development  Model 
(GDM)  as  the  user  equipment  in  the  standstill  mode.  In  these  tests,  the 
GDM  was  allowed  to  navigate  at  a  fixed  point  using  first  the  GPSE,  then 
real  satellites.  If  the  GDM  behaved  in  a  like  manner  using  the  GPSE  as 
with  the  live  satellites,  then  overall,  the  concept  was  valid.  Determining 
the  repeatability  of  the  simulation  was  accomplished  by  simply  rerunning 
the  tests  several  times. 

The  validation  testing  is  currently  half  over.  GPSE's  performance  at 
this  point  is  quite  acceptable.  Simulations  have  been  found  to  be  repeat- 
able  with  marginal  differences.  How  accurate  a  simulation  has  been  hard  to 
determine  due  to  the  instability  of  the  satellites.  Data  has  shown  that 
the  GDM  can  accurately  navigate  using  GPSE.  The  graph  shows  position  er¬ 
rors  in  GDM  for  a  typical  run.  The  GDM  goes  into  nav  mode  around  7200 
seconds  (this  is  where  it  begins  to  utilize  GPSE  IMU  inputs  and  GPS  signals). 
The  total  position  error  was  around  200  meters.  This  same  position  error 
has  been  experienced  using  the  live  satellites  (at  a  time  when  they  were 
all  marginal). 

Further  tests  will  be  required,  however,  before  it  can  be  determined 
how  good  GPSE  is.  Preliminary  tests  have  shown  that  GPSE  does  provide  a 
repeatable  GPS  simulation  environment. 
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A  DYNAMIC  INTECRATED  TEST  FOR  THE  SPACE  SHUTTLE 


1  Introduction 


1.1  The  Space  Transportation  System 


The  Space  Transportation  System  (STS)  is  planned  to  be 
the  workhorse  of  NASA  and  DOD  in  the  1980's  and  beyond. 
Illustrated  in  Figure  1,  it  consists  of  the  Space  Shuttle 
Orbiter  spacecraft  with  its  three  main  engines,  an  external 
tank  housing  the  main  engine  propellants,  and  two  solid 
rocket  boosters.  The  Space  Division  of  Rockwell 


tank 


FIGURE  1  Configuration  of  Space  Transportation  System 

International  is  prime  contractor  to  NASA  for  the  Space 
Shuttle  Orbiter  as  well  as  for  total  integration  of  the  STS. 

At  present,  the  orbiter  spacecraft  containing  the  crew  and 
payload  bay  is  the  only  component  that  reaches  orbit.  After 
completing  its  mission,  the  shuttle  then  returns  to  earth, 
landing  as  an  airplane. 

Central  to  the  operation  of  the  STS  are  the  five 
on-board  IBM  AP-101  flight  computers  which  monitor  and 
control  the  vehicle's  flight  operations.  In  fact,  the 
shuttle  has  been  designed  as  a  digitally  controlled 
spacecraft;  that  is,  there  are  no  direct  mechanical  linkages 
by  which  the  crew  can  manipulate  the  aerosurfaces  or  cause 
the  various  propulsion  subsystems  to  fire.  The  vehicle  is 
unstable  in  most  flight  modes  and  generally  requires 
continuous  control  by  the  computers  to  maintain  stability 
within  rigid  boundaries.  In  certain  flight  modes  the  crew 
does  have  the  option  to  select  either  the  automatic  mode  for 
guidance,  navigation,  and  control  (GN&C)  of  the  vehicle, 
which  essentially  allows  the  computers  to  do  all  the  flying, 
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or  the  manual  mode  of  flight,  whereby  the  crew  flies  the 
vehicle  by  hands-on  manipulation  of  the  controls.  However, 
if  manual  flight  is  selected,  the  commands  issued  by  the 
crew  to  the  aerosurfaces  and  the  engines  must  still  pass 
through  and  be  issued  by  the  computers.  Hence,  the  reliance 
on  the  computers  is  absolute. 

The  five  flight  computers,  called  general  purpose 
computers  or  GPCs,  are  organized  into  a  redundant  set  of 
four  GPCs  which  form  the  primary  flight  system  (PFS)  plus  a 
single  GPC  used  as  the  backup  flight  system  (BFS ) .  IBM  has 
responsibility  not  only  for  the  flight  computer  hardware  but 
also  for  the  software  which  runs  in  the  four  PFS  GPCs.  This 
code,  written  by  IBM  to  implement  Rockwell  specified 
requirements,  is  loaded  identically  into  each  of  the  four 
redundant  computers.  During  flight  operations, 
inter-computer  communication  insures  self-consistency  and 
synchronization  within  the  PFS. 

To  provide  an  additional  level  of  redundancy,  a  fifth 
GPC  operates  independently  of  the  PFS  GPCs,  executing 
software  developed  and  coded  by  personnel  from  Rockwell, 
Intermetrics,  Inc.,  and  the  Charles  Stark  Draper  Laboratory. 
This  backup  flight  software  satisfies  requirements 
established  by  Rockwell  similar  to  those  for  the  PFS.  The 
crew  engages  the  backup  flight  computer  in  the  event  that 
critical  failures  are  detected  in  the  PFS.  The  primary  and 
backup  flight  software  are  both  written  in  HAL/S,  a 
high-order  structured  programming  language  developed  and 
supported  by  Intermetrics,  Inc.  for  NASA. 

Figure  2  depicts—  the  essential  components  of  the 
orbiter  avionics  system.  The  central  computers  interface 
with  the  various  subsystems  through  19  serial  data  buses. 
Eight  of  these  connect  with  the  flight  forward  and  flight 
aft  multiplexer/demultiplexer  (MDM)  units  which  in  turn 
serve  as  the  conduit  for  signals  going  to  and  from  such 
devices  as  1)  the  master  timing  unit  (MTU)  which  serves  as 
the  accurate  time  source  for  the  GPCs;  2)  sensors  which 
provide  velocity  and  attitude  information  such  as  the 
inertial  measurement  unit  (IMU),  the  accelerometer  assembly 
(AA) ,  and  the  rate  gyro  assembly  (RGA);  3)  external 
navigation  aids  ("navaids")  such  as  the  tactical  air 
navigation  system  (TACAN),  microwave  landing  system  (MLS), 
radar  altimeter  (RA) ,  air  data  system  (ADS),  and  star 
tracker  (ST);  4)  propulsion  subsystems  such  as  the  reaction 
control  system  (RCS),  the  orbital  maneuvering  system  (OMS), 
and  the  main  engines;  5)  the  vehicle  aerosurfaces  such  as 
elevons,  rudder,  speedbrake,  and  body  flap;  and  6)  the 
cockpit  switches  and  controls  and  dedicated  display  units 
( DDU )  which  provide  to  the  crew  information  such  as  shuttle 
velocity,  altitude,  attitude,  and  other  flight  critical 
parameters. 
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FIGURE  2  Ortolter  Avionics  Subsystems 


Other  data  buses  connect  the  GPCs  with  the 
mul t i - f unct i on  CRT  display  systems  (MCDS)  which  present  a 
variety  of  GN&C  and  system  status  information  to  the  crew, 
and  allow  them  extensive  interaction  with  the  GPCs  via 
keyboard  commands.  The  mass  memory  units  (MMU) ,  which 
contain  the  primary  and  backup  flight  software  to  be  loaded 
into  the  computers  as  needed,  also  communicate  directly  with 
the  GPCs.  Another  data  bus  is  a  port  through  which  the  GPCs 
transmit  pulse  code  modulation  (PCM)  telemetry  (TLM)  data 
used  by  the  ground  to  monitor  the  internal  state  of  the  GPCs 
and  the  progress  of  the  flight,  either  in  real-time  or  after 
the  mission. 

Finally,  the  launch  processing  system  (LPS)  which 
interfaces  with  the  vehicle  prior  to  launch  does  so  via  the 
umbilical  launch  data  bus  ( LDB ) ,  which  allows  direct  access 
to  GPC  memory.  In  addition  to  performing  vital  ground 
launch  sequencing  tasks,  the  LPS,  using  a  general  memory 
(GMEM )  read/write  capability,  can  monitor  and  modify  GPC 
core,  if  needed;  for  example,  to  update  launch  pad  initial 
conditions.  As  will  be  seen  later,  this  capability  is 
essential  in  order  to  perform  a  dynamic  integrated  test 
(DIT)  of  the  shuttle. 

The  STS  is  designed  to  follow  certain  basic  flight 
sequences  from  launch  to  landing.  Abort  contingencies  have 
been  considered  as  well  and  are  included  in  the  design  of 
the  software  to  allow  for  the  orderly  and  safe  return  of  the 
orbiter  spacecraft.  These  contingencies  are  1)  return  to 
launch  site  (RTLS),  which  would  be  performed  in  the  event 
the  mission  had  to  be  aborted  soon  after  launch;  2)  abort  to 
orbit  (ATO)  in  which  the  orbiter  spacecraft  is  sufficiently 
healthy  to  allow  insertion  into  earth  orbit;  and  3)  abort 
once  around  (AOA)  where  the  vehicle  is  boosted  to  permit  one 
orbital  revolution  before  landing. 

During  a  nominal  ascent,  the  solid  rocket  boosters 
( SRB )  and  main  propulsion  system  fire  together  until  the 
SRBs  are  depleted  and  jettisoned  after  approximately  two 
minutes.  The  fuel  in  the  external  tank  is  exhausted  after  a 
total  burn  time  of  about  eight  minutes,  the  main  engines  are 
shut  down,  and  the  external  tank  is  separated.  The  orbital 
maneuvering  system  (OMS)  is  then  used  to  execute  orbit 
insertion  and  to  circularize  the  orbit.  OMS  firings  occur 
at  times  which  may  vary  with  the  mission  profile. 

After  earth  orbit  operations  are  complete,  the  OMS  is 
once  again  used  for  the  deorbit  burn  to  begin  a  nominal 
descent.  The  orbiter  coasts  for  about  30  minutes  to 
atmospheric  entry.  Approximately  another  30  minutes  places 
the  shuttle  on  the  runway  having  transitioned  through 
several  guidance  phases  and  performed  the  requisite  landing 
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maneuvers.  The  shuttle  makes  a  dead-stick  landing  as  a 
glider;  it  was  not  designed  to  allow  a  go-around  cabability. 

1.2  Motivation  Behind  the  DIT 


The  various  subsystems  —  computers,  flight  software, 
navigation  instruments,  environment  sensors,  engines,  etc. 

are  subjected  to  rigorous  checkout  and  verification 
procedures,  at  least  to  the  fullest  extent  possible  in  a 
testbed  environment.  Then  they  are  shipped  to  Kennedy  Space 
Center  (KSC)  ,  Florida,  for  final  Integration  into  the 
shuttle  vehicle.  But  it  is  not  until  these  subsystems  are 
received  and  fitted  to  the  vehicle  at  KSC  that  the  Space 
Transportation  System  exists  which  will  carry  a  crew  into 
orbit.  Clearly,  just  as  checkout  and  verification  of  each 
of  the  component  subsystems  is  vital,  so  is  it  necessary  to 
verify  the  final  integrated  configuration.  The  complete 
hardware-software  data  paths  which  are  utilized  in  flight 
simply  do  not  exist  until  the  vehicle  is  put  together.  The 
integrated  test  is  necessary  to  verify  the  integrity  of 
these  paths:  that  proper  connections  have  been  made,  that 
correct  polarity  is  maintained,  and  that  no  unexpected 
interference  is  generated. 

The  concept  of  the  integrated  test  is  complicated  by 
the  fact  that  the  vehicle  is  not  static  —  the  software  and 
hardware  configuration  changes  during  the  course  of  a 
mission  as  the  software  is  moded  through  various  sequences. 
Thus  a  valid  integrated  test  is  necessarily  a  dynamic 
integrated  test,  which  Checks  out  hardware-software  data 
paths  in  a  vehicle  which  is  sequenced  through  the  events  of 
a  flight  profile. 


1.3  A  Brief  Overview 


A  mechanism  conceived  by  Intermetrics,  Inc.,  has  been 
developed  for  realizing  this  DIT  concept.  In  essence,  a 
simulated  flight  sensor  profile  is  transmitted  over  the 
umbilical  launch  data  bus  and  injected  into  the  flight 
software  in  such  a  manner  that  the  grounded  vehicle  believes 
it  is  flying.  The  vehicle  is  sequenced  through  nominal 
flight  phases  and  deceived  to  detect  the  environment, 
position,  velocity,  and  attitude  it  would  detect  on  a 
nominal  mission. 

In  fact,  it  is  not  the  hardware  sensors  which  are 
stimulated;  the  sensors  do  detect  their  earth-fixed 
environment,  or  in  some  cases,  the  constant  output  of  a  test 
set.  Rather  it  is  locations  in  the  software  which  are 


5 


INHRMFTRICS  INCORPORATED  -  701  CONCORD  AVENUE  •  CAMBRIDGE  MASSACHUSETTS  02138  •  (617)  661  1840 


changed  by  the  DIT.  Instead  of  accessing  locations  written 
to  by  the  sensors,  the  shuttle  navigation  software  accesses 
locations  containing  injected  simulated  data.  The 
navigation  software  thus  runs  open  loop,  in  the  sense  that 
it  is  the  "canned  profile"  which  is  "flown,"  and  flight 
control  commands  cannot  affect  this  profile  as  they  would  in 
real  flight. 


It  is  the  intent  of  the  DIT  to  exercise  as  much  as 
possible  the  complete  hardware-software  data  paths  from 
sensors  to  effectors.  Toward  this  end,  the  DIT  design 
permits  a  choice  between  two  similar  but  somewhat  different 
data  injection  techniques  for  each  sensor.  Nominal  data 
flow  from  sensors  through  applications  programs  to  effectors 
is  schematically  represented  in  Figure  3a.  The  two  data 
injection  modes,  known  as  substitution  and  combining ,  are 
illustrated  in  Figures  3b  and  3c.  In  the  substitution  mode, 
the  real  sensor  data  are  processed  by  the  input  routines  but 
do  not  influence  the  GN&C  applications  calculations  nor  the 
commands  sent  to  the  effectors.  In  the  combining  mode,  the 
real  sensor  data  are  added  to  the  simulated  sensor  data,  and 
it  is  the  resultant  combined  values  which  drive  the 
applications  routines  and  effectors.  The  combining  mode 
allows  a  more  complete  verification  of  the  data  paths  during 
a  DIT,  but  does  involve  added  complications  which  are 
discussed  later. 

A  few  selected  nominal  profiles  are  chosen  to  be 
"canned"  for  the  DIT;  no  attempt  is  made  at  exhaustive 
testing  of  all  possible  profiles.  The  selected  nominal 
trajectories  serve  to  mode  the  software  through  its  various 
sequences  and  facilitate  verification  of  hardware-software 
interfaces  and  interactions.  The  various  aerosur faces , 
engine  gimbals,  and  other  effectors  on  the  vehicle  are  moved 
(except  where  prohibited  for  safety  reasons)  much  as  they 
would  be  for  a  real  flight. 


The  rest  of  this  paper  examines  in  some  detail  the 
design  and  implementation  of  the  dynamic  integrated  test  for 
the  Space  Shuttle.  The  ground  rules  and  constraints  upon 
which  the  design  was  formulated  are  presented  in  Section  2. 
The  concept  of  the  DIT  is  expanded  in  Section  3,  along  with 
a  discussion  of  the  simulated  sensor  data  (simdata) ,  how  it 
is  obtained,  and  how  it  is  transmitted  to  the  GPCs  for 
processing  during  a  DIT.  In  Section  4,  the  interaction  of 
the  simdata  with  the  flight  software  is"examined,  and  the 
software  modifications  required  to  implement  the  DIT  concept 
are  presented.  Concerns  of  vehicle  and  personnel  safety 
during  a  DIT  are  discussed  in  Section  5,  along  with  the 
techniques  developed  to  ensure  a  safe  checkout  of  the  STS. 
Section  6  is  about  test  evaluation.  The  progress  made  to 
date  in  DIT  development  and  testing  is  the  subject  of 
Section  7,  and  finally,  in  Section  8  we  present  some 
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suggestions  concerning  the  application  of  the  DIT  concept  to 
other  avionics  systems. 


2  Ground  Rules  and  Constraints 


Certain  ground  rules  were  established  during  the 
initial  design  phase  of  DIT,  some  to  satisfy  practical 
constraints  imposed  by  the  existing  STS  design  and 
development  plan,  and  others  to  insure  that  the  intent  of 
DIT  would  not  be  lost  during  implementation.  Included  in 
the  latter  category  is  the  design  goal  to  minimize  the 
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impact  DIT  has  on  the  flight  software,  both  in  GPC  memory 
requirements  imposed  by  DIT  modifications  to  the  software, 
and  in  additional  execution  time  (i.e.,  duty-cycle) 
resulting  from  these  modifications.  If  the  DIT-modified 
software  were  not  very  similar  to  the  flight  software,  the 
relevance  of  the  test  would  be  in  question.  It  is  important 
that  the  test  exercise  as  much  real  hardware  as  possible. 
Concern  for  vehicle  and  personnel  safety  limits  the  ability 
to  fully  realize  this  goal,  however.  Indeed,  safety 
considerations  (discussed  later)  are  a  significant  aspect  of 
the  DIT. 

The  ability  to  halt  and  restart  the  GPCs  at  specific 
points  during  a  test,  heavily  relied  upon  during  laboratory 
testing,  does  not  exist  once  the  vehicle  is  assembled. 
Control  of  the  flight  computers  for  development  and  checkout 
becomes  quite  restricted,  relying  on  normal  crew  interface 
through  the  cockpit  plus  the  capability  provided  by  the 
launch  data  bus  (LDB) .  This  limits  the  ability  of  the  test 
engineers  to  interface  with  the  various  components  of  the 
shuttle.  Since  DIT  must  run  at  KSC  after  the  subsystems 
have  been  assembled  to  form  a  flight-ready  vehicle,  DIT  must 
operate  under  the  constraint  that  once  it  has  started,  it 
must  complete  without  interruption. 

Certain  restrictions  are  placed  on  the  use  of  the  LDB. 
During  nominal  preflight  activity,  from  nine  minutes  to  five 
seconds  prior  to  lift-off,  the  critical  ground  launch 
sequence  requires  a  dedicated  LDB.  Hence,  there  can  be  no 
usage  of  the  LDB  by  DIT  during  this  interval.  Another 
constraint  is  that  DIT  utilize  no  more  than  50  percent  of 
the  capacity  of  the  LDB,  thus  allowing  a  retry  in  the  event 
of  a  transmission  failure. 

A  ground  rule  established  for  DIT  concerns  the 
preservation  of  the  integrity  of  redundancy  management  (RM) , 
the  software  function  which  selects  from  among  the  redundant 
sensors  the  set  of  variables  to  be  accessed  by  the 
applications  software.  The  DIT  design  allows  the  RM  to 
execute  based  on  inputs  from  the  real  sensor  hardware, 
allowing  comparisons  and  fault  detection  to  take  place 
exactly  as  in  real  flight.  It  is  only  after  RM  is  executed 
that  DIT-supplied  simulated  sensor  data  is  injected  and 
accessed  by  the  applications  routines. 

The  DIT  design  necessarily  needed  to  be  flexible  enough 
to  support  development  at  Rockwell's  Flight  Systems 
laboratory  (FSL)  and  NASA's  Shuttle  Avionics  Integration 
Laboratory  (SAIL).  The  availability  of  shuttle  hardware, 
simulators,  and  other  support  equipment  varies  substantially 
at  these  facilities;  so  the  DIT  was  designed  to  be  as 
independent  of  specific  equipment  as  possible. 
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Finally,  It  Is  a  design  goal  to  allow  as  much  crew 
part lcipat ion  as  possible,  including  manual  keying  in  of 
1  commands  to  effect  the  transitions  of  the  software  through 

the  various  GNfcC  flight  modes.  In  the  spirit  of 

flexibility,  however,  it  was  desired  to  be  able  to 

automatically  issue  these  commands  to  the  software  via  the 

LDB-transmltted  simdata  if  a  crew  were  not  available,  or  if 
it  was  found  that  time  criticality  of  certain  events 

precluded  manual  key-ins.  In  either  case,  the  preflight 
activities  for  DIT  closely  follow  the  standard  items  to  be 
followed  in  a  real  flight,  including  full  cockpit  and 

subsystems  checklists. 


3  The  DIT  Movie 


In  some  ways,  the  running  of  a  DIT  is  analogous  to  the 
showing  of  a  motion  picture.  A  reel  of  movie  film  is  a 
series  of  snapshots  which  are  correlated  linearly  with  time 
so  as  to  create  a  dynamically  flowing  image  when  projected. 
For  a  DIT,  "snapshots"  of  sensor  data  are  stored  on  the 
simdata  tape  and  correlated  linearly  with  time  in  an 
analogous  manner.  As  the  movie  projector  projects  each 
snapshot  on  the  screen  in  timed  succession,  so  does  the 
launch  processing  system  transmit  simdata  frames  over  the 
LDB  to  be  injected  into  the  flight  software. 


3.1  The  Simdata  Tape 


The  simdata  tape,  a  standard  nine-track  magnetic  tape, 
is  the  medium  on  which  the  DIT  canned  sensor  profile  is 
stored.  It  contains  four  files  of  data:  three  of 
initialization  data  (not  discussed  here),  and  a  fourth  which 
contains  the  frames  of  simulated  sensor  data  —  simdata  — 
to  be  dynamically  injected  into  the  flight  software  during 
execution  of  the  DIT.  Although  every  frame  contains  exactly 
64  16-bit  words,  there  are  actually  two  types  of  frames; 
high-rate,  which  are  refreshed  every  160  milliseconds,  and 
low-rate,  which  are  refreshed  every  480  milliseconds. 
Furthermore  there  are  three  types  of  low-rate  data,  as  will 
be  discussed  shortly.  The  frames  are  arranged  on  file  four 
of  the  tape  as  shown  in  Figure  4. 

The  high-rate  frame,  shown  in  Figure  5,  represents  a 
snapshot  of  navigation  sensor  and  vehicle  status 
information.  Each  piece  of  data  has  its  unique  place  in  the 
frame  template,  even  though  not  every  sensor  is  utilized  for 
every  DIT.  An  ascent  trajectory  requires  no  tacan  or 
microwave  landing  system,  for  example;  nor  does  a  descent 
employ  the  solid  rocket  boosters.  In  any  case,  the  DIT 
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software  can  uniquely  Identify  each  piece  of  data  by  Its 
position  within  the  frame,  and  the  data  (along  with  low-rate 
data,  described  below)  Is  sufficient  to  drive  the  vehicle. 

There  are  three  types  of  low-rate  slmdata:  one  which  is 
sensor  data  refreshed  every  480  milliseconds  much  as 
high-rate  data  is  refreshed  every  160  milliseconds,  a  second 
type  which  provides  a  more  generalized  capability  to  set  the 
value  of  any  parameter  in  the  GPC  memory,  and  a  third  type 
for  simulating  crew  Inputs.  As  of  this  writing,  the  only 
type-1  data,  and  thus  the  only  data  refreshed  in  every 
low-rate  frame,  is  that  associated  with  the  air  data  sensor. 
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FIGURE  6  Simdata  Low-rate  Frame  With  Type-2  Data 


The  second  type  of  low-rate  data  is  used  to  communicate 
the  "occurence"  of  various  asynchronous  events  such  as 
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detection  of  weight  on  landing  gear.  As  shown  in  Figure  6, 
each  type-2  datum  is  organized  in  the  low-rate  frame  as  an 
ordered  triplet  of  16-bit  words:  a  GPC  address,  a  mask 
indicating  which  bits  are  to  be  set,  and  a  data  word 
indicating  the  values  of  the  bits  to  be  set.  Up  to  17 
triplets  may  be  transmitted  in  a  single  low-rate  frame.  If 
the  auto-crew  flag  in  word  52  of  the  low-rate  frame  is  set, 
the  DIT  software  knows  to  interpret  words  two  through  47  as 
type-3  data,  which  gets  copied  into  the  same  software  buffer 
which  would  be  filled  if  a  crew  member  were  actually  keying 
in  commands  (see  Figure  7). 


FIGURE  7  Simdata  Low-rate  Frame  With  Type-3  Data 
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3.2  Obtaining  Simdata 


A  motion  picture  is  made  by  photographing  the  real 
world  with  a  movie  camera.  An  analogous  procedure  is 
utilized  to  generate  simdata  for  a  DIT:  "snapshots*  are 
taken  from  the  GPC  during  a  closed  loop  digital  simulation 
in  an  avionics  laboratory. 

In  facilities  such  as  Rockwell's  Flight  Systems 
Laboratory  (FSL)  and  NASA's  Shuttle  Avionics  Integration 
Laboratory  (SAIL)  ,  mechanisms  have  been  developed  for 
simulating  the  shuttle  and  its  environment.  As  mentioned 
earlier,  the  GPC  communicates  with  the  world  through  19 
serial  data  buses.  All  sensor  inputs  and  all  effector 
commands  are  conveyed  on  these  buses.  In  the  laboratories, 
as  part  of  the  flight  software  verification  process 
(independent  of  DIT),  realistic  closed  loop  simulations  are 
run  by  connecting  these  buses  to  the  shuttle  and  environment 
models.  The  software  is  effectively  led  to  believe  that  it 
is  flying.  (Unfortunately,  a  similar  procedure  cannot  be 
performed  on  a  flight-ready  vehicle  at  KSC.  Hence  the  need 
for  a  DIT!) 

Simdata  is  obtained  from  such  a  simulation  by  the 
procedure  illustrated  in  Figure  8.  First,  before  the 
simulation,  a  table  driven  program  is  implanted  in  the 
flight  software  to  transmit  data  (a  maximum  of  128  16-bit 
words)  over  the  GPC  telemetry  channel  every  40  milliseconds. 
The  table  contains  the  addresses  of  all  the  data  necessary 
to  generate  a  simdata  tape  file  4,  both  high-rate  and 
low-rate  frames.  The  simulation  is  then  run,  and  the 
traffic  on  the  telemetry  bus  is  recorded  on  tape.  This 
"modified  telemetry"  tape  is  then  processed  by  another 
support  program  known  as  SIMGEN,  wh.ich  generates  a  simdata 
tape . 


3 . 3  Tr ansm i 1 1 i ng  the  Simdata  to  the  Vehicle 


Discussed  here  is  the  procedure  developed  for  moving 
simdata  from  the  tape  into  the  .GPC  over  the  launch  data  bus. 
Central  to  the  mechanism  is  that  the  launch  processing 
system  has  the  capacity  to  transmit  a  128-word  data  packet 
to  the  GPC  every  120  milliseconds.  This  operation,  called 
the  GMEM  Write,  is  a  standard  LPS  capability,  and  is  a 
logical  choice  for  transmitting  simdata  to  the  vehicle. 

In  addition  to  using  the  GMEM  Write  operation,  these  ^ 
other  constraints  had  to  be  considered  in  developing  the 
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FIGURE  8  Generating  a  Simdata  Tape 

procedure : 

•  The  DIT  should  utilize  no  more  than  50  percent 
of  the  capacity  of  the  LDB. 

•  Three  high-rate  frames  and  one  low-rate  frame 
(each  frame  64  words)  must  be  transmitted  every 
480  milliseconds. 

•  Data  should  not  be  refreshed  too  early  or  too 
late . 
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among 


•  Time  synchronization  must  be  maintained 
the  LPS,  the  GPC,  and  the  simdata. 


The  mechanism  which  evolved  from  these  constraints  is 
depicted  in  Figures  9  and  10.  A  DIT  patch,  really  a  program 
in  itself  known  as  the  GPCCP  (GPC  Control  Program),  is 
embedded  in  the  flight  software  to  receive  and  process  the 
transmitted  simdata.  The  LPS  and  the  GPCCP  each  maintain 
two  128-word  buffers,  each  of  which  holds  two  simdata 
frames;  either  two  high-rate,  or  one  low-rate  and  one 
high-rate.  The  frames  are  transmitted  in  pairs  over  the  LDB 
according  to  the  timing  diagram  in  Figure  10,  and  double 
buffering  assures  that  data  is  not  overwritten  while  it  is 
being  read. 


FIGURE  9  DIT  Buffers  in  GPC  and  LPS 


Each  transmission  has  a  240  millisecond  window  which 
allows  for  a  second  attempt  to  transmit  if  the  first  should 
fail.  Normally,  if  a  succesful  transmission  is  not  made 
before  the  window  closes,  the  data  which  would  have  been 
sent  is  thrown  away  since  it  is  critical  to  maintain  GMT 
synchronization.  The  system  is  actually  quite  robust  in 
that  it  does  remain  stable  through  occasional  data  dropouts; 
the  GPCCP  simply  turns  off  the  data  good  flags  associated 
with  the  various  sensors  whenever  data  dropouts  occur.  The 


15 


INTERMETRICS  INCORPORATED  •  701  CONCORD  AVENUE  •  CAMBRIDGE  MASSACHUSETTS  02138  •  (617)  661 


I 


FIGURE  10  Steady  State  Relationship  Between 
Data  Transmission  over  LDB  and 
Utilization  of  SIMDATA  by  GPCCP 


inertial  measurement  unit  (IMU)  velocity  data  transmitted  is 
accumulated  velocity,  not  delta  velocity,  so  even  occasional 
missing  IMU  data  is  not  catastrophic. 

The  one  exceptional  case  for  which  the  system  cannot 
tolerate  a  data  dropout  is  when  the  transmission  includes  a 
low-rate  frame  containing  asynchronous  data.  In  fact,  most 
low-rate  frames  do  not  contain  asynchronous  data,  but  the 
few  frames  which  do  are  all  critical  to  a  successful  DIT. 
If  a  transmission  window  does  close  on  a  transmission 
containing  such  a  frame,  further  attempts  to  send  the  data 
are  made. 

If  combining  rather  than  substitution  has  been  selected 
for  a  DIT,  the  LPS  performs  a  minor  transformation  on  the 
simdata  before  transmitting  it  over  the  LDB.  Since  the 
simdata  are  added  to  corresponding  real  sensor  data 
(representing  the  earth-fixed  environment  or  test  set  data) 
by  the  GPCCP,  the  sensor  values  must  be  offset  appropriately 
before  they  are  transmitted.  The  LPS  calculates  these 
offsets  and  performs  the  necessary  subtraction. 

For  most  sensors,  this  offsetting  procedure  represents 
a  trivial  calculation,  since  the  quantity  subtracted  is 
constant,  representing  the  static  output  of  a  test  set. 
However,  the  IMU  represents  a  special  case,  for  even  in  a 
ground  environment  its  outputs  are  dynamic,  reflecting  the 
rotation  of  the  earth.  Thus  the  LPS  DIT  control  program 
must  incorporate  a  "ground  nominal"  IMU  model  to  predict 
the  changing  values  of  IMU  gimbal  angles  and  accumulated 
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velocities  during  the  course  of  a  test.  When  combining  is 
selected  for  the  IMU,  these  predicted  values  are  generate^ 
in  real  time  and  subtracted  appropriately  from  the  simdata 
IMU  values  before  transmission  over  the  LDB. 


3.4  The  DIT  and  Time 


The  DIT  on  the  vehicle  takes  place  In  the  time  frame  of 
the  digital  simulation  from  which  the  simdata  for  that  DIT 
was  generated.  All  clocks  involved  in  the  test,  both  in  the 
LPS  and  on  the  vehicle,  are  necessarily  initialized  so  the 
time  of  DIT  start  (see  Figure  10)  is  within  a  few 
milliseconds  of  the  corresponding  time  during  the  digital 
simulation.  This  requirement  arises  from  the  fact  that  time 
--  GMT  —  is  one  of  the  inputs  which  drive  the  shuttle 
navigation  software.  It  is,  for  example,  an  Integral  part 
of  the  procedure  which  performs  the  transformation  from  the 
earth-fixed  reference  frame  to  the  inertial  frame  used  by 
navigat ion. 


4  Mod  1 f y i ng  the  Flight  Software  for  the  DIT 


4.1  Injection  of  Simdata 


The  normal  (i.e.,  not  modified  for  DIT)  data  flow  from 
the  sensor  subsystem  outputs  through  the  MDM's  into  the 
flight  software  is  depicted  in  Figure  11.  Associated  with 
each  sensor/navaid  subsystem  is  a  part  of  the  flight 
software  known  as  the  SOP  (subsystem  operating  program) 
responsible  for  transforming  the  incoming,  redundant,  raw 
subsystem  outputs  into  selected,  scaled  and  biased  data 
which  can  be  used  by  the  applications  software  (e.g., 
navigation).  It  is  the  SOPs  which  for  the  DIT  are  modified 
to  access  the  simulated  trajectory  data  instead  of  the 
ground  environment  data  they  would  otherwise  read. 

As  mentioned  earlier,  high-rate  simdata  is  refreshed  in 
the  GPC  every  160  milliseconds.  This  is  performed  by  a 
program  (discussed  below)  known  as  the  GPCCP  (GPC  Control 
Program)  which  executes  every  160  milliseconds.  The 
mechanism  used  to  make  a  SOP  access  simulated  trajectory 
data  is  to  have  the  SOP  reference  a  DIT  buffer  known  as 
SIMBUFF  instead  of  the  flight  software  location  normally 
referenced.  It  is  this  buffer  the  GPCCP  refreshes  every  160 
milliseconds.  It  does  this  by  extracting  data,  which  has 
been  transmitted  by  the  LPS,  from  the  appropriate  LDB  input 
buffer . 
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FIGURE  11  Nominal  Sensor/Navaid  Data  Flow 


The  decision  on  where  to  make  the  data  injection  patch 
was  based  primarily  on  two  factors.  First,  it  is  much 
easier  to  patch  a  variable  to  reference  simdata  at  the  one 
place  it  is  set  in  the  SOP  than  at  the  several  places  it  is 
referenced  by  the  applications  software.  Second,  although 
the  shuttle  subsystems  are  redundant  sets,  because  of  LDB 
capacity  constraints  it  is  the  selected  value  rather  than 
the  redundant  values  for  a  given  quantity  which  are 
injected.  In  Figure  11,  for  example,  X_SELECTED  is  injected 
rather  than  XI,  X2,  and  X3. 
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4 . 2  Other  DIT  Patches  to  the  Flight  Software 


Some  other  flight  software  patches  besides  the  data 
injection  patches  In  the  SOPs  are  also  necessary  for  DIT. 
The  largest  patch  is  the  GPCCP,  which  has  already  been 
introduced.  Its  functions  include  the  following: 

•  Knowing  which  of  the  three  high-rate  frames  in 
the  input  buffers  contains  the  "current"  data, 
and  when  to  process  the  low-rate  frame. 

•  Processing  the  low-rate  frame  asynchronous  and 
auto-crew  data. 

•  Processing  input  data  and  writing  it  to 

SIMBUFF.  Processing  may  include  1)  expansion 
from  single  to  double  precision,  2)  combination 
(addition)  of  compensated  slmdata  with  real 
sensor  data,  and  3)  conversion  from  one  format 
to  another,  as  from  gimbal  angles  to 

quaternions,  for  example. 

•  Setting  data  validity  indicators  to  indicate 
invalid  data  when  there  is  no  new  data  with 
which  to  update  SIMBUFF  because  of  a 
transmission  failure  on  the  LDB. 


Another  set  of  patches  is  necessary  for  initialization 
of  the  DIT.  For  example,  a  patch  is  needed  to  start  the 
GPCCP  at  the  appropriate  GMT.  For  ascent,  a  patch  is 
necessary  to  delay  the  start  of  navigation  by  four  seconds 
to  prevent  navigation  from  executing  before  the  simdata 
which  drives  it  has  begun  to  arrive  over  the  LDB.  (The  LDB 
is  not  available  to  DIT  before  T  minus  four  seconds.)  Data 
as  well  as  code  needs  to  be  patched:  initialization  data 
such  as  simulation  launch  site  co-ordinates  have  to  be 
properly  set. 

For  a  descent  DIT,  initialization  is  more  complex  than 
for  ascent,  because  normally  a  flight  begins  on  the  ground. 
The  descent  DIT  is  initialized  by  overwriting  the  flight 
software  GN6C  common  data  base  so  that  when  the  descent 
software  is  started  on  the  ground,  it  believes  the  vehicle 
is  in  orbit,  having  just  flown  a  nominal  ascent  trajectory. 
The  process  is  further  complicated  by  the  fact  that  in  order 
to  exactly  synchronize  the  position,  velocity,  and  attitude 
with  GMT,  the  navigation  and  attitude  states  must  be  set  to 
the  simulation  initial  conditions  and  "frozen*  until  the 
moment  of  DIT  start.  Once  the  DIT  starts,  however,  the 
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navigation  and  attitude  states  are  propagated  normally, 
based  on  simdata. 

Still  another  set  of  patches  is  concerned  with  flight 
sequences  such  as  solid  rocket  booster  (SRB)  ignition,  SRB 
separation,  main  engine  cutoff,  external  tank  separation, 
and  orbital  insertion.  Each  of  these  sequences  involves 
critically  timed  interactions  with  various  external 
subsystems  such  as  the  main  engines  or  external  tank.  Since 
actual  firing  of  pyros  is  infeasible  for  DIT,  simulators 
must  be  substituted  for  subsystems  whose  operation  would  be 
hazardous.  If  a  simulator  is  not  available,  the  software 
must  be  modified  to  sequence  correctly  without  feedbacks  it 
would  normally  need.  However,  these  DIT  sequence  patches 
are  designed,  in  the  spirit  of  the  ground  rules  discussed 
earlier,  such  that  if  the  necessary  feedbacks  are  in  fact 
available,  the  patches  can  be  "turned  off"  to  allow  the 
software  to  function  as  it  normally  would.  These  patches 
especially  facilitate  DIT  development  in  the  laboratory, 
where  simulators  frequently  are  not  available. 

The  patches  discussed  thus  far  represent  (with  the 
exception  of  inhibits  of  hazardous  outputs,  discussed  in 
Section  5)  the  categories  in  which  most  DIT  patches  may  be 
classified:  data  injection,  GPCCP,  initialization,  and 
sequencing.  In  addition,  there  are  various  miscellaneous 
patches  which  do  not  fit  conveniently  into  any  of  these 
categories.  One  example  is  a  patch  to  schedule  the  LDB 
processor,  which,  not  surprisingly,  is  not  normally 
scheduled  by  the  descent  software.  Another  example  is  a 
patch  to  cause  the  cockpit  displays,  some  of  which  would 
indicate  an  earth  fixed  environment  during  a  DIT,  to  reflect 
the  simdata  instead.  A  final  example  is  a  patch  which 
allows  the  time-consuming  IMU  gyrocompass  alignment 
procedure  to  be  bypassed  in  order  to  facilitate  the 
development  process  in  the  laboratory  (this  patch  is  not 
employed  on  the  vehicle,  however). 


5  Vehicle  and  Personnel  Safety 


The  des're  to  have  DIT  emulate  a  flight  must  be  weighed 
against  the  possibility  of  events  occurring  which  might 
damage  the  vehicle  or  endanger  personnel.  The  aerosurfaces 
must  not  be  commanded  to  move  so  they  strike  obstructions 
such  as  test  stands  or  fuel  lines  which  may  be  a  part  of  the 
ground  environment.  Certainly  DIT  testing  must  not  cause 
the  engines  to  fire!  Equally  catastrophic  would  be  to  allow 
the  solid  rocket  boosters  (SRB)  or  external  tank  to  separate 
from  the  orbiter  as  they  do  during  ascent. 
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result  of  these  concerns,  an  inhibit  methodology 
twofold  approach  was  adopted.  First,  whenever 
possible,  the  hardware  action  which  would  be  hazardous  if 
permitted  to  occur  is  inhibited  by  physical  means  such  as 
a  circuit  via  a  circuit  breaker.  Second,  a 
technique  is  used  to  prevent  hazardous  commands 
to  the 
either 
of  an 
a  safe 

latter  case  is  the  reduction  of  a 
from  10  degrees  to  five  degrees  if  allowing  the  full  rudder 
travel  would  cause  it  to  hit  an  obstruction. 


As  a 

using  a 


disabling 
software 
from  even  being  issued 
method  may  consist  of 
command,  as  in  the  case 
reducing  a  command  to 


hardware.  This  software 
intercepting  and  nulling  a 
engine  fire  command,  or 
level.  An  example  of  the 
rudder  movement  command 


The  software  inhibit  technique  has  been  developed  so 
the  test  conductors  can  select,  prior  to  a  DIT,  those 
commands  which  must  be  inhibited,  choosing  from  a  set  of 
possible  hazardous  commands  established  during  DIT 
development.  (In  fact  the  initial  condition  of  the  DIT  is 
all  potentially  hazardous  commands  inhibited,  and  the  test 
conductors  select  which  commands  to  "uninhibit.")  This 
allows  a  flexibility  to  adjust  to  various  hardware 
configurations;  if  an  SRB  simulator  is  available,  for 
example,  it  is  not  necessary  to  inhibit  the  SRB  ignition 
commands. 

Even  though  potentially  hazardous  signals  are  prevented 
from  ever  leaving  the  GPC's  input/output  processor,  it  is 
important  to  verify  that  such  commands  would  have  been 
Issued  if  the  inhibit  techniques  were  not  applied.  This 
verification  is  performed  by  analysis  of  telemetry  data 
which  reflects  the  state  of  the  commands  prior  to 
application  of  the  inhibit  code. 

Vehicle  instability  questions  have  been  raised 
concerning  the  execution  of  DIT  with  the  shuttle  attached  to 
fixed  supports.  It  has  been  suggested  that  the  rate  gyros 
and  accelerometers,  by  the  degree  of  their  sensitivity,  will 
detect  the  movement  of  the  effectors  during  a  DIT.  This  may 
cause  the  vehicle  to  become  unstable  if  the  inputs  of  these 
sensors  are  allowed  to  propagate  through  the  applications 
software  and  drive  the  effectors.  It  was  decided, 
therefore,  that  during  DIT,  to  eliminate  this  potential 
hazard,  the  substitution  mode  rather  than  the  combining  mode 
should  be  elected  for  these  sensors. 
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6  Evaluation  of  Test  Results 


A  DIT  is  evaluated  in  much  the  same  manner  as  a  real 
flight  —  by  analyzing  the  standard  telemetry,  monitoring 
the  cockpit  displays,  and  observing  the  movement  of  the 
vehicle  hardware.  During  a  successful  DIT,  the  vehicle 
should  be  observed  to  sequence  through  the  nominal  events 
and  GN&C  modes  associated  with  the  particular  flight 
scenario  being  simulated. 

As  would  be  expected,  a  set  of  variables  considered 
sufficient  to  evaluate  a  flight  is  a  part  of  the  standard 
flight  telemetry.  The  closed  loop  simulated  flight  (from 
which  simdata  is  extracted)  is  also  evaluated  by  analysis  of 
these  parameters,  extracted  from  the  telemetry  recorded 
during  a  simulation  run.  In  a  like  manner,  the  DIT  may  be 
evaluated  by  comparing  similarly  obtained  data  with  the 
corresponding  simulation  data. 

Equally  significant  verification  data  comes  from  the 
cockpit,  which  is  to  be  manned  by  either  the  astronauts  who 
will  fly  the  first  shuttle  mission,  or  a  similarly 
experienced  crew.  The  cockpit  displays  provide  extensive 
information  to  the  crew  which  enables  them  to  monitor  the 
progress  of  the  flight.  Of  key  importance  are  the  caution 
and  warning,  and  fault  annunciation  capabilities  of  the 
computers,  through  which  the  crew  receives  indication  of  any 
subsystem  malfunction  detected  by  the  GPCs.  Any  such 
malfunctions  or  other  discrepancies  during  DIT  are  noted  for 
post-test  analysis. 

The  LPS  represents  another  monitoring  station  where  DIT 
engineers  may  follow  the  progress  of  the  test.  In 
particular,  the  flow  of  simdata  from  the  LPS  to  the  GPCs  is 
monitored,  and  any  transmission  failures  are  noted.  Also, 
parameters  which  are  not  displayed  in  the  cockpit  may  be 
examined  from  the  LPS;  GPC  duty-cycle,  for  example. 
Finally,  correlation  can  be  made  between  observed  movement 
of  the  vehicle  aerosurfaces  and  flight  control  and 
aerosurface  position  feedbacks  observed  on  displays. 

Although  DIT  is  baselined  to  fly  a  nominal  mission 
scenario,  it  may  be  possible  to  perform  some  failure  mode 
analysis  by  intentionally  failing  certain  redundant  shuttle 
components  to  verify  expected  results.  It  might  be  of 
interest,  for  example,  to  verify  that  the  shuttle  avionics 
system  recovers  adequately  from  the  loss  of  one  or  more  GPCs 
or  MDMs  at  a  critical  point  in  the  flight  profile. 
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7  Progress  to  Date 


The  purpose  of  DIT  is  to  check  out  the  integrated 
vehicle  at  KSC.  Toward  this  end,  development  has  been 
taking  place  during  the  past  three  years,  primarily  in  the 
Flight  Systems  Laboratory  (FSL)  and  the  Shuttle  Avionics 
Integration  Laboratory  (SAIL)  mentioned  earlier.  The 
feasibility  of  the  DIT  concept  was  demonstrated  in  early 
1978  in  the  FSL  using  the  flight  software  developed  for  the 
shuttle  approach  and  landing  tests.  Since  that  time,  the  | 

orbital  flight  test  (OFT)  DIT  has  been  evolving  along  with 
the  OFT  flight  software.  What  follows  is  a  summary  of  key 
milestones  which  have  been  demonstrated  as  of  'he  time  of 
this  writing. 

Perhaps  the  most  basic  and  singularly  most  important 

achievement  is  that  simdata  will  drive  the  vehicle.  By 

transmitting  simdata  over  the  LDB  in  the  laboratory,  nominal 
ascent  and  descent  trajectories  have  been  executed,  with 
GN&C  functions  behaving  as  they  should.  Using  only  the 

umbilical  cord  as  a  data  conduit,  the  vehicle  can  be  led  to 
believe  it  is  flying.  Some  of  the  more  specific  ideas 

demonstrated  by  this  success  are  these: 

•  Data  to  drive  the  simulated  flight  can  be 
obtained  by  modifying  the  normal  telemetry 
during  a  closed  loop  digital  simulation. 

•  Simulated  sensor  data  may  be  transmitted  over 
the  LDB  in  steady  state  without  loss  of 
synchronization. 

•The  system  can  be  initialized  to  fly  both 
ascent  and  descent  DITs. 


Finally,  a  side  benefit  which  has  arisen  during  this 
developmental  phase  of  DIT  has  been  the  detection  of  flight 
software  discrepancies.  In  attempting  to  make  the 
developing  flight  software  fly,  DIT  has,  from  time  to  time, 
been  one  of  the  first  to  rigorously  exercise  certain 
software  modules.  Although  DIT  has  no  place  in  the  formal 
software  verification  process  per  se,  as  a  heavy  user  of  the 
immature  software,  it  has  sometimes  been  able  to  play  a 
productive  role  in  the  debugging  process. 


23 


INTFRME  TRlCS  INCORPORATED  ■  701  CONCORD  AVENUE  •  CAMBRIDGE  MASSACHUSETTS  02138  •  (617)  661  1840 


8  Applying  t_he  DIT  Concept  to  Other  Systems 


The  shuttle  is  the  first  completely  digitally 
controlled  manned  spacecraft,  and  as  such,  it  Introduces  a 
new  level  of  complexity  in  avionics  systems.  All  flight 
control  is  effected  via  serial  data  buses;  there  are  no 
direct  mechanical  connections  to  aerosur faces .  Without  the 
general  purpose  computers,  the  vehicle  is  aerodynamical ly 
unstable  at  high  speeds. 

And  the  shuttle  is  only  the  beginning.  As  vehicle 
complexity  and  subsystems  interactions  continue  to  increase, 
the  need  increases  to  perform  fully  integrated  systems  tests 
which  are  as  close  to  real  flight  as  possible.  The  need  is 
compounded  by  the  fact  that  it  has  become  infeasible  in  some 
cases  to  flight-test  a  vehicle  unmanned,  as  could  be  done 
with  Apollo's  Saturn  V  launch  vehicle. 

The  Dynamic  Integrated  Test,  which  is  now  considered  to 
be  a  necessary  element  of  Space  Shuttle  flight  readiness 
verification,  was  retrofitted  to  the  vehicle.  As  space 
transportation  evolves,  it  seems  logical  that  with  the 
experience  we  have  now,  rather  than  retrofitting  a  DIT  after 
a  vehicle  design  has  been  solidified,  the  DIT  might  be  built 
in  from  the  start. 

First,  the  DIT  would  be  designed  into  the  flight 
software.  For  example,  the  umbilical  cord  data  handling 
routines  might  be  active  —  invokable  —  throughout  an 
entire  flight,  not  just  during  the  prelaunch  sequence. 
Next,  a  mechanism  for  receiving  simdata  and  injecting  it 
into  sensor  processing  modules  could  also  be  built  in.  (Of 
course,  considerable  thought  would  have  to  be  given  to  a  new 
problem  this  would  introduce:  assuring  that  the  flight 
software  is  "protected"  from  the  DIT  software.)  Certainly  a 
safing  technique  for  inhibiting  hazardous  commands  would 
have  to  be  developed.  Finally,  it  would  probably  be  a  good 
idea  for  the  telemetry  software  to  be  designed  to  accomodate 
the  DIT,  both  in  generating  simdata  and  in  monitoring  the 
progress  of  the  test  itself. 

Second,  the  vehicle  hardware  could  also  be  designed 
with  a  DIT  in  mind.  A  hazardous  commands  inhibit 
capability,  for  example,  would  complement  the  software 
inhibit  capability. 

Third,  in  addition  to  the  vehicle  and  the  flight 
software,  the  various  support  facilities  and  equipment  would 
be  set  up  with  the  idea  that  a  DIT  would  be  one  of  the 
activities  they  would  be  expected  to  support.  Certainly  the 
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launch  processing  or  other  vehicle  interface  system  would 
have  the  capability  to  initialize  the  vehicle  for  a  DIT  and 
support  the  actual  transmission  of  data.  Likewise,  the 
various  support  hardware  —  engine  simulators  and  navigation 
sensor  test  sets,  for  example  --  would  be  prepared  to 
support  a  DIT. 
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ABSTRACT 


Evaluation  of  Minuteman  III  guidance  system 
performance  may  be  significantly  enhanced  as  a  result 
of  the  Global  Positioning  System-Receiver  Test  Program 
(GPS-RTP).  Although  initially  conceived  as  a  demon¬ 
stration  of  GPS  receiver  performance  (i.e.,  post- 
boost  update  capability),  the  GPS-RTP  will  provide 
precise  range  and  range- rate  measurements  to  supple¬ 
ment  the  radar  tracking  data  available  during  mis¬ 
sile  flight  tests.  The  GPS  measurements  may  provide 
significant  insights  into  the  guidance  system  error 
characteristics  including  anomalous  instrument  per¬ 
formance.  Included  in  this  paper  are  an  overview 
of  the  GPS-RTP,  an  assessment  of  the  instrument 
error  coefficient  characterization  achievable  using 
GPS-RTP  measurements,  and  an  overview  of  the  post¬ 
flight  data  processing  capability  being  developed 
by  TASC. 
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1 NTRODUCT 1  ON 


The  demonstration  of  Minuteman  III  weapon  system  per¬ 
formance  has,  historically,  been  accomplished  by  the  post-flight 
processing  of  NS-20*  telemetry  and  Western  Test  Range  radar  ineas 
u remen t  data.  As  the  weapon  system  matured,  the  goal  of  post- 
mission  data  analysis  has  shifted,  to  some  extent,  from  weapon 
system  performance  projection  to  characterization  of  the  NS-20 
instrument  errors  in  the  operational  environment.  This  includes 
the  detecton  of  anomalous  guidance  system  performance.  In  order 
to  achieve  the  new  goal  it  became  necessary  to  upgrade  the  range 
instrumentation  quality  to  a  level  not  achievable  using  radars 
alone.  This  resulted  in  the  FLY-2  flight  test  program  described 
in  Ref.  1.  Although  superior  to  the  single  IMU  versus  radar  ap¬ 
proach,  the  FLY-2  concept  suffered  from  the  lack  of  a  precise, 
independent  source  of  trajectory  data.  As  a  consequence  the 
Global  Positioning  System/Receiver  Test  Program  (GPS/RTP)  was 
initiated.  For  these  flights,  scheduled  in  late  1979  and  early 
1980,  a  GPS  receiver  will  be  carried  on  the  missile  along  with 
two  IMUs. 


The  unique  features  of  the  FLY-2/GPSt  concept  (see  Fig. 
1)  are  twofold.  First,  the  test  missiles  will  carry  two  IMUs. 
The  primary  IMU  will  be  the  weapon  system's  NS-20.  This  being 
the  same  unit  used  to  generate  the  navigation  data  from  which 
guidance  commands  are  developed.  In  addition  to  the  primary 
IMU,  a  secondary  system  (also  an  NS-20)  will  be  contained  in  the 
Ballistic  Receiver  Evaluation  Wafer  and  Spacer  (BREWS).  The 
BREWS  is  an  additional  missile  section  inserted  between  the  pri¬ 
mary  guidance  set  and  the  reentry  vehicles.  The  azimuthal  align 
ment  of  the  platforms,  with  respect  to  the  target,  will  be  dif¬ 
ferent  for  the  two  IMUs,  their  orientation  having  been  selected 
to  enhance  guidance  coefficient  recovery.  On  the  test  flights 
integrated  specific  force  measurements  (velocity  data)  will  be 
collected  from  each  of  the  IMUs,  time  tagged, t  and  transmitted, 
via  a  telemetry  unit  within  the  BREWS,  to  the  ground  for  post¬ 
flight  processing. 

The  second  unique  feature  of  the  FI.Y-2/GPS  concept  is 
that  a  GPS  receiver  is  to  be  carried  within  the  BREWS.  The  re¬ 
ceiver  has  been  designed  to  operate  in  a  highly  dynamic  environ¬ 
ment  such  as  that  associated  with  the  boost  phase  of  a  ballistic 


*The  NS- JO  is  the  inertial  Measurement  Unit  (IMU)  used  for 
guidance  of  the  Minuteman  III  missile. 

tThe  names  GPS-RTP  demonstration  and  FLY-2/GPS  are  used 
interchangeably  id  this  paper. 

fTime  tagging  of  the  velocity  data  is  required  to  minimize  the 
impact  of  quantization  on  measurement  accuracy. 
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Figure  I  The  FLY-2/GPS  Concept 


missile.  During  the  ascent  phase  of  missile  flight  range  and 
range-rate  measurements,  between  the  missile  antenna  and  selected 
satellites,  will  he  determined  by  the  GPS  receiver,  time  synchro¬ 
nized  with  the  1  MU  velocity  data,  and  transmitted  to  the  ground 
using  the  BKF.WS  telemetry  unit. 

The  velocity  data  from  the  two  I  Mils  and  the  GPS  range 
and  range-rate  measurements  will  be  processed ,  post-flight,  using 
an  improved  version  of  the  Post  Plight  Analyzer  described  in 
Kef.  1.  Figure  2  shows  functionally  the  flow  of  data  through 
the  processor  software.  The  Post  Flight  Analyzer  consists  of 
five  major  stages  as  shown  on  the  left  of  the  figure.  Of  most 
interest  in  achieving  the  goals  ot  TASC 1 s  activities  in  support 
of  the  GPS  demonstration  program  are  the  estimation  process  and 
the  shift  analysis  routines.  The  estimation  process  consists  o! 
a  sequential  (Kalman)  filter  that  is  used  to  estimate  such  meas¬ 
ures  of  system  performance  as  missile  position  and  velocity  er¬ 
rors  at  reentry  vehicle  deployment,  initial  platform  azimuth 
misalignment,  and  instrument  error  coefficients.  The  shift  anal¬ 
ysis  portion  of  the  processor  is  used  to  detect  anomalous  gui- 
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Figure  2  Post  Flight  Analyzer  Structure 


dance  system  performance.  The  shift  analysis  methodology  is 
based  on  the  Generalized  Likelihood  Ratio  test  technique  de¬ 
scribed  in  Ref.  1.  The  algorithms  implemented  in  the  Post  Flight 
Analyzer  have  been  selected  because  of  their  ability  to  detect 
and  identify  shifts  or  ramps  in  the  instrument  coefficients 
during  the  ascent  phase  of  missile  flight. 

The  development  of  the  post -flight  analysis  tools  and 
the  assessment  of  system  and  instrument  level  performance  is  a 
two-step  process.  The  first  step  is  an  evaluation,  via  detailed 
computer  simulation,  of  the  performance  of  the  estimation  process 
and  the  Gl.R  test  procedure  in  the  FLY-2/GPS  environment.  This 
step  involves  an  extensive  number  of  studies  using  the  FLY-2 
simulation  tools  described  in  Ref.  1  and  the  GPS  simulation  capa¬ 
bility  documented  in  Ref.  2.  The  analytical  studies  are  used  to 
assess  the  FLY-2/GPS  performance  relative  to  the  program  goals 
described  above. 

The  second  step  is  the  development  of  the  post-flight 
data  analysis  tools  (i.e.,  computer  programs)  and  the  processing 
of  the  FLY-2/GPS  data.  This  step  will  involve  a  number  of  com¬ 
puter  tools,  in  addition  to  the  Gl.R  test  algorithm,  for  accuracy 
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assessment,  error  model  characterization,  and  instrument  coeffi¬ 
cient  shift  detection.  The  results  of  the  data  processing  por¬ 
tion  of  this  step  will,  it  is  anticipated,  answer  numerous  ques¬ 
tions  relative  to  Minuteman  Ill  system- level  performance  and  the 
characterization  of  NS-20  i nst rumen t - l eve  1  error  sources. 

The  following  sections  of  this  paper  describe  the  meth¬ 
odology  and  simulation  tools  used  to  project  GPS-RTP  performance, 
the  results  of  a  number  of  studies  which  were  undertaken  in  order 
to  assess  the  value  of  F1.Y-2/GPS  measurements  for  instrument  er¬ 
ror  characterization,  and  the  structure  of  the  Post  Flight  Ana¬ 
lyzer  to  be  used  for  the  processing  of  GPS-RTP  measurement  data. 

A  brief  discussion  of  the  Minuteman  111  guidance  system  error 
model  as  well  as  error  models  used  to  describe  the  GPS  space 
segment  characteristics,  the  GPS  receiver  characteristics,  and 
the  radar  error  characteristics  are  also  presented  herein. 

STUDY  METHODOLOGY 

The  full  FI.Y-2/GPS  measurement  system  consists  of  the 
secondary  IMU,  the  WTR  radars,  the  missile  GPS  receiver,  and  the 
GPS  space  vehicles,  together  with  the  associated  post-flight 
data  processing.  The  purpose  of  this  study  is  to  analyze  the 
performance  of  this  measurement  system,  rather  than  evaluate 
Minuteman  III  weapon  system  performance  itself. 

The  methodology  used  for  evaluation  of  GPS-RTP  measure¬ 
ment  system  performance  is  summarized  in  Fig.  3.  There  are  three 
steps  involved  in  the  generation  of  the  projected  performance. 

The  first  step  in  the  process  is  the  GPS  segment  simulation, 
identified  as  the  NESA*  module  in  Fig.  3.  This  step  is  necessary 
for  two  reasons. 

•  To  develop  a  time  history  of  GPS  satellite 
orbital  positions  and  velocities  so  th.it 
the  GPS/missile  geometry  is  accounted 

for  in  the  filter  and  system  evaluation 
process 

•  To  generate  the  GPS  satellite  position, 
velocity,  and  clock  calibration  error 
covariances  necessary  for  analysis  of 
total  system  performance. 

The  upper  half  of  Fig.  3  (the  FILTER  module^  represents  the  sec¬ 
ond  step,  the  recursive  solution  of  the  filtei  covariance  propa¬ 
gation  and  update  equations.  These  equations  arc  solved  once  for 
a  specific  GPS  satellite  geometry,  missile  flight  trajectory,  and 


"Navigation  Error  Sensitivity  Analysis. 
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Figure  3  GPS/User  Satellite  Performance 
Projection  Methodology 


measurement  schedule.  It  is  important  to  note  that  only  the  GPS 
satellite  position  and  velocity  time  histories  and  not  the  asso¬ 
ciated  GPS  error  covariances  are  supplied  to  this  portion  of  the 
evaluation  process.  Thus,  only  the  GPS  satellite/missile  geom¬ 
etry  and  not  t he  GPS  satellite  tracking  error  covariances  are 
used  in  the  filter  computations  (i.e.,  the  data  processing  al¬ 
gorithms  assume  that  the  GPS  satellites  are  tracked  perfectly). 

The  outputs  of  the  FILTER  module  are  the  time  histories  of  the 
f i 1  ter- indicated  performance  and  the  Kalman  filter  gain  matrices.* 
The  latter  are  stored  on  tape  and  constitute  a  "gain  file." 

The  third  step  of  the  process,  depicted  by  the  SYSTEM 
module  in  the  lower  half  of  Fig.  3,  encompasses  the  recursive 
solution  of  the  linear  system  error  covariance  equations.  These 
equations  are  solved  repeatedly  to  produce  an  error  budget,  the 
same  gain  file  being  used  each  time.  In  individual  error  budget 
runs,  elements  of  the  input  matrices  corresponding  to  specific 
error  sources  (e.g.,  missile  guidance  system,  GPS  tracking  errors, 
etc.)  are  set  to  non-zero  values,  with  all  other  elements  set  to 
zero.  The  output  time  history  of  the  system  error  covariance 
matrix  is  a  statistical  measure  of  the  contribution  from  that 
particular  error  source  or  small  group  of  error  sources  to  the 
total  system  error.  When  all  of  the  error  contributors  have  been 
evaluated,  the  overall  measurement  system  performance  projection 


*Reference  3  contains  a  detailed  discussion  of  the  Kalman 
filter. 
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can  be  calculated  from  the  detailed  error-source-by-error-source 
breakdown.  This  analysis  produces  the  following  benefits: 


•  Determination  of  key  error  contributors  - 
indicating  where  to  focus  attention  for 
subsequent  performance  improvements. 

•  Identification  of  insignificant  error 
contributors  -  indicating  where  less 
costly  subsystems  could  be  substituted 
with  minimal  performance  degradation. 

The  methodology  presented  in  this  section  was  used  for  the  eval¬ 
uation  of  GPS-RTP  measurement  system  performance.  The  following 
section  describes  the  models  used  in  the  NESA,  FILTER,  and  SYSTEM 
elements  of  the  simulation  programs. 

SIMULATION  DESCRIPTION 


The  FI.Y-2/GPS  covariance  simulations  determine  the  Kal¬ 
man  filter  estimation  error  covariance  matrix  based  upon  a  se¬ 
quence  of  measurements.  There  are  three  sets  of  error  measure¬ 
ments  associated  with  the  GPS-RTP.  The  first  is  the  difference 
between  the  two  IMU  velocity  measurements.  The  second  set  of 
error  measurements  are  those  associated  with  the  WTR  radars. 

The  third  set  of  error  measurements  are  those  associated  with 
the  GPS  system.  These  are  the  radar-to-missile  range  and  range- 
rate  measurements. 


The  full  set  of  error  sources  for  the  FLY-2/GPS  simula¬ 
tions  are  those  associated  with  the  two  IMUs,  the  radar  and  the 
GPS  satellites.  Table  1  lists  the  full  set  of  error  sources 
associated  with  each  of  the  IMUs.  Table  1  also  lists  the  error 
sources  that  are  included  in  the  Filter  Model  and  Truth  (i.e., 
system)  Model  formulations  (they  include  the  same  states). 

In  Table  2  are  listed  the  error  sources  associated  with 
the  WTR  error  measurements,  for  the  Full  Model  as  well  as  the 
Truth  and  Filter  Models.  The  error  sources  associated  with  the 
GPS  satellite,  propagation  delays,  and  missile  receiver  are  given 
in  Table  3  for  the  Full  Model  as  well  as  the  Truth  and  Filter 
Models.  The  uncertainties  in  the  satellite  position,  velocity, 
etc.,  are  provided  by  the  NESA  program.  The  NF.SA  program  simu¬ 
lates  the  GPS  satellite  ground  tracking  process,  and  determines 
the  estimation  error  covariance  for  the  GPS  satellite.  In  the 
NESA  simulation  the  solar  radiation  force  and  gravitation  con¬ 
stant  errors  drive  the  position  and  velocity  errors.  The  propa¬ 
gation  errors,  and  carrier  and  code  loop  errors  listed  in  Table 
3  are  presently  modeled  as  white  measurement  noise  sources  in 
the  simulation  and  are  not  estimated. 


TABLE  1 


I  MU  ERROR  MODEL  SUMMARY 


T-J541 


NUMBER  OF  STATES 

ERROR  OR  ERROR  SOURCE  NAME 

FULL 

MODEL 

TRUTH 

MODEL 

FILTER 

MODEL 

PRIMARY 

Position  Errors 

3 

3 

3 

Velocity  Errors 

3 

3 

3 

Alignment  Errors 

3 

3 

3 

Initial  Alignment  Errors 

3 

3 

3 

PRIMARY  -  MEW 

Differential  Position  Errors 

3 

3 

3 

Differential  Velocity  Errors 

3 

3 

3 

Differential  Alignment  Errors 

3 

3 

3 

Differential  Initial  Alignment  Errors 

3 

3 

3 

PRIMARY  IMU  INSTRUMENT  ERRORS  SOURCES 

Acceleroaeters 

Uncorrelated  Bias 

3 

3 

3 

Scale  Factor 

3 

* 

Input  g~  Monlinearity 

3 

Input  g^  Nonlinearity 

3 

’ 

Input  Axis  Misal ignments 

6 

Cross-Axis  Nonlinearity 

3 

- 

0-Matrix  Calibration  Errors 

9 

9 

4 

Platform  Compliance  Errors 

27 

- 

Gyros 

Bias 

3 

3 

3 

Mass  Unbalance 

4 

2 

2 

Anisoelasticity 

b 

3 

3 

Gyro  g **  Coefficients 

8 

3 

3 

Temperature  Dependent  Drift 

3 

- 

* 

MEW  IMU  INSTRUMENT  ERROR  SOURCES 

Accelerometers 

Uncorrelated  Bias 

3 

3 

3 

Scale  Factor 

3 

* 

Input  g'  Nonlinearity 

Input  g*  Nonlinearity 

3 

* 

3 

Input  Axis  Misalignments 

6 

* 

Cross-Axis  Nonlinearity 

3 

* 

Q-Matrlx  Calibration  Errors 

9 

9 

4 

Platform  Compliance  Errors 

27 

* 

- 

Gyros 

Bias 

3 

3 

3 

Mass  Unbalance 

4 

2 

2 

Anisoelasticity 

6 

3 

3 

Gyro  g*4  Coefficients 

8 

3 

3 

Temperature  Dependent  Drift 

3 

- 

“ 

TOTAL  NUMBER  OF  STATES 

18b 

70 

70 

TABLE  2 


RADAR  ERROR  MODEL  SUMMARY 


ERROR 

OR  ERROR  SOURCE  NAME 

•  Range 

• 

Range  Measurement  Errors 

Bias  Error 

Scale  Factor  Error 

Random  Error 

Measurement  Noise 

• 

A  Priori  Errors 

Radar  Position 

•  Range  Rate 

• 

Range-Rate  Measurement  Errors 

Bias  Error 

Scale  Factor 

Random  Error 

Measurement  Noise 

• 

A  Priori  Errors 

Radar  Position 

UMBER  OF  STATES 


FULL  TRUTH  FILTER 

MODEL  MODEL  MODEL 


TABLE  3 


GPS  ERROR  MODEL  SUMMARY 


ERROR  OR  ERROR  SOURCE  NAME 


•  Satel  1  i  t e  Errors 

Pos i t ion 
Velocity 

Solar  Radiation  Force 
Gravitation  Constant 
Satellite  Clock 

•  Propagation  Errors 

•  Receiver  Errors 


Missile  Clock 
Carrier  and  Code  Loop 


NUMBER  OF  STATES 

FULL 

MODEL 

TRUTH 

MODEL 

FILTER 

MODEL 

PERFORMANCE  ASSESSMENT 


TASG's  ELY-2/GPS  performance  evaluation  software  has 
been  used  to  develop  preliminary  system  performance  projections. 
Three  study  areas  of  interest  were  addressed: 

•  Recovery  of  initial  alignment  and  RV 
deployment  errors 

•  Recovery  of  guidance  system  instrument 
error  coefficients 

•  Detection  of  instrument  error  coeffi¬ 
cient  shifts  using  the  GLR  test 

The  results  are  compared  with  previous  projections  for  the  FLY-2 
program  without  GPS  tracking. 

A  reduced-order  filter  was  modeled  in  which  the  satel¬ 
lite  einphemeris  and  clock  errors  are  not  estimated,  but  are  in¬ 
cluded  in  the  performance  evaluation  via  a  "truth  model".  The 
reduced-order  filter  performance  was  also  compared  with  the  re¬ 
sults  of  an  "optimal'!  filter  in  which  the  satellite  error  sources 
are  modeled  and  estimated.  The  launch  time  was  chosen  so  that 
four  GPS  satellites  are  visible  through  deployment.  The  effect 
of  a  loss  of  one  or  more  satellites  is  also  discussed. 

The  first  study  area  assessed  improvement  to  the  estima¬ 
tion  of  azimuth  alignment  at  launch,  and  of  position  and  velocity 
at  deployment,  that  may  be  expected  with  the  GPS  receiver  on 
board.  The  results  are  presented  as  rrns  estimation  uncertain¬ 
ties  normalized  by  projected  performance  of  the  FLY-2  test  pro¬ 
gram  which  had  only  velocity  difference  and  radar  tracking  data 
(Table  4) .  The  projections  indicate  that  position  and  velocity 
estimation  errors  at  deployment  will  be  an  order  of  magnitude 
smaller  than  with  the  FLY-2  system  alone.  The  recovery  of  ini¬ 
tial  azimuth  errors  will  be  improved  by  a  factor  of  two  using 
GPS  tracking  data.  The  results  also  show  that  the  reduced-order 
filter  will  be  effective  in  guidance  error  recovery  at  the  cost 
of  a  small  loss  in  position  accuracy. 

The  effect  of  variable  satellite  availability  was  also 
assessed.  Relative  to  the  performance  with  four  satellites  vis¬ 
ible,  the  loss  of  one  satellite  produced  position  errors  about 
40%  larger  and  velocity  errors  some  20%  greater.  With  only  two 
satellites  visible,  position  error  uncertainty  increased  by  as 
much  as  an  order  of  magnitude  in  the  level  axes  and  a  factor  of 
three  in  the  vertical  direction.  Velocity  errors  were  somewhat 
less  affected  increasing  by  factors  of  six  and  three  respectively. 
There  was  no  appreciable  loss  of  initial  azimuth  recovery  in 
either  case. 


TABLE  4 


RECOVERY  OF  INITIAL  AZIMUTH  AND  DEPLOYMENT  ERRORS 


TRACK  INC 

SYSTEM 

NORMALIZED  ESTIMATION  ERRORS 

INITIAL  AZIMUTH 
RECOVERY  RATIO* 

E 1  LTF.R 
MODEL 

POSITION 

VELOCITY 

TIME 

<  sec ) 

EI.Y-2  with  Radar 

Eul  1 

1  .0 

1  .0 

180 

0 . 60 

Order 

1  .0 

1  .0 

600 

EI.Y -2  with  Radar 

Eu  1  1 

0.63 

O.Oh 

180 

0.17 

and  CPS 

Order 

0.12 

0.0A 

A  00 

EI.Y-2  with  Radar 

Reduced 

0 .  66 

O.Oh 

180 

0.37 

and  CPS 

Order 

0.22 

o.os 

000 

Recovery  rat io  is  t ho  ratio  of  final  rms  estimation 
uncertainly  to  initial  uncertainty. 


Guidance  system  error  coefficient  estimation  was  ad¬ 
dressed  in  the  second  study  area.  The  FLY-2  test  program  pro¬ 
vided  estimates  of  certain  guidance  error  coefficients  in  flight 
This  coefficient  recovery  was  particularly  good  for  the  more 

2  A 

observable  errors  such  as  the  gyro  g  -  and  g4-sensitive  terms. 
The  enhanced  recovery  of  these  guidance  error  coefficients  with 
the  addition  of  GPS  tracking  is  displayed  in  Table  5.  Overall 

the  improvement  is  not  large  with  the  recovery  of  gyro  g^-terms 
decreasing  by  at  most  25%.  The  results  quoted  are  for  the  opti¬ 
mal  filter,  but  use  of  the  reduced  order  filter  changes  the  re¬ 
covery  ratios  by  only  a  few  percent.  Thus,  neglect  of  the  satel 
lite  errors  will  not  impact  error  coefficient  estimation. 

The  detection  of  coefficient  shifts  was  evaluated  in 
the  third  study  area.  Figures  4  and  5  display  graphically  the 
projected  performance  of  the  GLR  test  in  detecting  jumps  in  se¬ 
lected  guidance  error  coefficients.  These  projections  are  based 
on  a  detection  threshold  corresponding  to  a  5%  false  alarm  prob¬ 
ability,  and  indicate  the  shift  magnitude  that  would  be  required 
in  the  specified  coefficient  (as  a  function  of  time)  in  order  to 
have  a  50%  probability  of  detection.  As  a  rule  of  thumb,  to 
obtain  a  90%  probability  of  detection  the  size  of  the  required 
jump  should  be  doubled.  The  figures  also  show  the  improvement 
in  detection  due  to  the  addition  of  GPS  tracking  measurements  to 
the  basic  FLY-2  system. 
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TABLE  5 

GUIDANCE  ERROR  COEFFICIENT  RECOVERY 


GUIDANCE  ERROR 
COEFFICIENT 

RECOVERY 

RATIOS  FOR  EACH  SYSTEM  ! 

FLY -2/RADAR 

FLY-2/GPS  ! 

PRIMARY 

MEW 

PRIMARY 

MEW 

6B.; 

- 

- 

- 

2 

Gyro  g  -terms  6Bj 

0.76 

0.56 

0.51 

6E1 

0.60 

0.33 

0.68 

0.25 

i  pi 

Gyro  g'- terms 

J1 

0.36 

0.22 

0.20 

0.15 

0.66 

0.56 

0.63 

0.37 

- 

R-46070 


Figure  6  Gyro  Bias  Drift  Jump  Detection  (Normalized 
by  Initial  rms  Uncertainty) 
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r-jjjM'f 


Figure  5  Accelerometer  Bias  Jump  Detection  (Normalized 
by  Initial  rms  Uncertainty) 


The  detection  results  just  discussed  do  not  address  the 
problem  of  identifying  which  coefficient  is  responsible  for  an 
observed  anomaly.  A  simple  measure  of  this  ambiguity  is  obtained 
by  plotting  the  determinant  of  the  GLR  correlation  matrix  asso¬ 
ciated  with  a  given  set  of  coefficients.  If  the  coefficients 
are  highly  separable  the  determinant  should  be  close  to  one, 
whereas  a  high  degree  of  ambiguity  in  the  set  leads  to  a  deter¬ 
minant  near  zero.  Figures  6  and  7  plot  this  measure  for  the 
primary  accelerometer  biases  and  gyro  bias  drifts  respectively. 

In  summary,  recovery  of  guidance  error  coefficients, 
and  detection  of  instrument  coefficient  shifts  using  the  GI.R 
test  will  both  be  enhanced  by  the  GPS  measurements.  Estima- 
t ion  error  for  the  most  observable  guidance  error  coefficients, 

such  as  gyro  g^ -  sensitive  drift,  was  reduced  by  about  30%  in 
the  simulations.  Detectability  of  jumps  in  gyro  bias  drift  and 
accelerometer  bias  also  improved  by  about  a  factor  of  two  in 
terms  of  the  jump  magnitude  required  for  detection.  In  addition, 
jump  identification  and  coefficient  separability  should  be  sig¬ 
nificantly  better,  especially  for  PIGA  biases. 
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POST  FLIGHT  ANALYZER  STRUCTURE 


A  software  package,  referred  to  herein  as  the  Post 
Flight  Analyzer  (PFA),  has  been  developed  at  TASC  for  the  proc¬ 
essing  of  FLY-2  data  (Ref.  1).  Its  capabilities  are  being  ex¬ 
panded  to  allow  inclusion  of  GPS  data  for  the  GPS-RTP  test 
flights.  This  section  describes  the  structure  and  the  elements 
of  the  PFA  which  are  functionally  the  same  as  before,  but  with 
some  added  capabilities.  The  specific  data  sources  for  each  of 
the  major  PFA  functions  are  described  herein.  The  PFA  processes 
FLY -2  data  in  four  basic  steps  in  an  attempt  to  estimate  guidance 
system  initial  condition  errors  and  to  detect  and  identify  gui¬ 
dance  coefficient  shifts.  These  four  steps  are:  data  preproc¬ 
essing,  residual  calculation,  shift  analysis  and  decision  maki  ig. 
This  structure  permits  a  computationally  efficient  and  orderly 
manner  for  processing  the  data.  The  PFA  flow  of  data  is  shown 
in  Fig.  2  and  explained  in  greater  detail  in  the  remainder  of 
this  chapter. 

Data  Preprocessing  is  an  important  step  in  the  prepara¬ 
tion  of  the  raw  recorded  data  so  that  it  can  be  efficiently  and 
accurately  analyzed.  The  data  from  two  NS-20s,  the  GPS,  and 
several  radars  must  be  sorted,  time  synchronized,  compensated 
for  deterministic  errors,  put  in  appropriate  coordinate  frames 
for  comparison,  and  combined  such  that  all  relevant  data  at  the 
high  raw  data  rate  is  reduced  to  a  more  appropriate  rate  for  the 
analysis  tools.  The  flow  of  data  and  specific  computer  programs 
are  shown  in  Fig.  8  and  individually  described  below. 

The  PIGA  Prefilj^er  must  accurately  calculate  the  spe¬ 
cific  velocity  sensed  by  the  primary  NS-20  and  the  indicated- 
velocity  difference  between  NS-20s  at  a  pseudo-major  cycle  rate 
(appropriate  for  other  computations)  based  upon  telemetered 
minor-cycle  data.  To  achieve  those  objectives,  seven  categories 
of  deterministic  errors  must  be  compensated. 

•  Each  minor  cycle,  all  six  PIGA  pulse 
sums  must  be  adjusted  (using  the  tele¬ 
metered  t ime-of - last-pul se )  to  reduce 
the  effects  of  quantization  and  sample 
time  differences.  Timing  differences 
due  to  the  asynchronous  sampling  of  the 
PIGAs  and  due  to  D37D  clock  rate  drift 
are  also  compensated. 

•  The  six  PIGA  pulses  are  then  compensated 
for  errors  due  to  a  "coning",  the  results 
of  a  misalignment  between  the  PIG  float 
and  PIGA  input  axes. 


TRAJECTORY 


MEASUREMENTS 


Figure  8 


Da t  a  FI ow 


for  Preprocessing  Steps 


•  The  minor  PICA  pulses  are  then  passed 

through  a  15-point  (on  each  side)  symmet¬ 
ric  digital  low-pass  filter  to  remove  the 
residual  random  errors  resulting  from 
quantization  and  timing  uncertainties. 
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•  The  PIGA  pulses  are  eoinpens.it eel  for  bias 
and  nonlinearity  (F. , )  errors  and  then 
transformed  into  a  velocity  vector  in 
NS-20  computational  coordinates  (using 
Q’  and  Au  )  . 

•  The  velocity  vector  is  then  corrected 
lor-  pi  at  form- t  o-comput  er  misalignments 
due  to  known  gyro  induced  drifts. 

•  1’latlorm  compliance  errors  are  compen¬ 
sated  next  using  a  27-term  bending  model. 

•  Finally,  the  velocity  of  the  MKW  relative 
to  the  NS-20  is  subtracted  from  the  MKW 
sensed  velocity.  This  compensation  is 
based  upon  the  telemetered  NS-20  gimbal 
angles  which  have  been  interpreted, 
smoothed  and  finally  differentiated. 

The  results  at  this  point  in  the  processing  are  two 
measurements  of  the  NS-20  velocity  vector,  as  sensed  by  the  two 
platforms  (alter  compensation  for  .ill  significant  c.i  I  i  brat  ab  1  e/ 
compcnsa t ah l e  errors).  The  NS-20  sensed  velocity  vector  is  pro¬ 
vided  to  the  trajectory  integrator  and  the  difference  between 
the  two  velocity  vectors  is  passed  along  and  eventually  inter¬ 
preted  using  the  GI.K  test  algorithm. 

The  Trajectory  Integrator  accurately  calculates  tin* 
position  and  velocity  of  the  missile  based  upon  the  best  avail¬ 
able  model  for  gravity*  anti  the  specific  velocity  sensed  by  the 
NS-20.  To  allow  refinements  upon  the  trajectory  (as  bad  data  is 
removed  and  errors  are  estimated)  without  repeating  t he  long 
integration  required  by  this  program,  the  total  gravity  gradient 
matrix  is  also  calculated. 

The  Kadar  Synchronizer  performs  t ho  strictly  clerical 
function  of  merging  data:  range  measurements  data  from  the  ten 
or  so  tracking  radars  must  be  extracted  from  the  raw  data  tapes, 
put  in  common  engineering  units  and  time  synchronized.  The  re¬ 
sult  is  a  single  sequential  file  containing  all  available  radar 
dat  .1 . 

The  GPS  Processor  must  compensate  the  GPS  measurements 
for  all  deterministic  error  sources  and  calculate  the  best  esti¬ 
mate  of  each  satellite's  position  (in  NS-20  coordinates)  at  the 


''The  WGS-72  gravity  model  in  combination  with  the  DMAAG  Launch 
Region  Gravity  Model  (I.RGM)  for  Vandenberg  APR  is  used. 


time  ot  each  available  range  or  range-rale  measut  < *utt - 1 1 (  .  Ihe 
salt'll  ile  position  is  im  I  cu  1  at  ed  al  each  desired  l  ime  using  I  lu- 
host  ost  imat  c  ot  "B  lock  l  l"  (Hot.  h)  tl.it  a  as  provided  l»v  Ol'S 
.loint  Program  Ottice  (.11*0).  Next  t  ho  i  ange  amt  range- tale  ilata 
must  ho  compensated  1 1 » i  clock  amt  propag.il  it>n  delays.  I'ho  clock 
errors  aro  corrected  using  <  ho  host  ostiiuato  <  >  t  "Block  l"  (Hot. 
h )  tlata.  1'his  ilata  will  also  ho  provided  by  t  ho  (IPS  .ll’O.  I'ho 
incasu  romon  t  s  aro  also  oomponsa  l  oil  loi  ionosphoi  1 1-  ami  tiopo- 
sphorio  ilt>  lays  using  t  ho  host  ilata  availahlo  timing  t  ho  Might 
tost  . 

1  ho  HI’S  KADAK  I’roliltor  ilotorminos  I  ho  il  i  I  1 1'  ronoo  be- 
t  woon  the  moasuroil  raitar  and/or  Cl’S  ranges  ami  oomputoil  taunt's 
i'a  1  i’ll  l  at  oil  using  t  ho  NS- .*0- i  ml  i  oat  oil  position  t  into  history  gen¬ 
erated  with  the  Trajectory  Integrator  versus  either  the  ratlat 
eoordinates  ot  the  satellite  position  at;  appropriate.  (Rattge- 
rato  moasui  ouiriit  s  aro  used  similarly  where  availahlo.)  I'ho  large 
uncertainty  in  emit  moasuromont  is  then  rodueod  hy  averaging  all 
tango  amt  range- rate  it  i  I  1  erences  ((torn  oaoh  tailat  ot  satellite) 
over  the  entire  pseudo-major  eyrie  interval.  I'ho  geometry  ot 
oaoh  moasutomonl  is  also  oaloulated  so  that  the  ostimatot  ran 
properly  weight  the  one-dimensional  tango  and  range-rale  ditter- 
oneo  measurements  in  the  estimation  ot  three-dimensional  position 
amt  ve  I  or  i  t  v  . 

I'ho  residual  eali'ulat  ions  take  the  soiptenoe  ot  range 
amt  range- rate  dit  I  erences  ((IPS  and/ot  raitar)  amt  velocity  dit¬ 
to!  once  (between  NS-.’Os)  measurements  and  calculate  the  host 
estimate  ot  NS  - 110  guidance  coefficient,  (IPS  ,  and  tad.it  errors 
based  upon  a  priori  error  statistics.  The  basic  tlow  ot  data  ts 
shown  in  Kig.  *) .  The  residual  calculal  ions  are  divided  into  two 
separate  programs  tor  comput at  iona l  etticiency  since  they  will 
he  repeat  eil  several  times  as  hail  data  is  oil  i  t  od  out  and  a?,  dtl- 
terent  error  moilels  are  tried.  The  (lain  Calculation  requires 
the  st ra ight t orward ,  although  lengthy,  computation  ot  Kalman 
gains  based  on  the  nominal  trajectory,  the  system  ertot  model 
(Appendix  It),  and  the  measurement  sequence. 

I'ho  Residual  Calculator  uses  the  gains  to  interpret  the 
measurements  from  the  data  preprocessor.  Out  mg  preliminaiy 
data  editing,  the  relatively  simple  residual  calculations  can  he 
made  many  times  using  the  same  set  ot  gains  without  significant 
loss  ot  accuracy.  The  more  lengthy  gain  calculations  can  then 
be  repeated  only  alter  most  ot  the  had  data  has  been  removed  or 
whenever  the  ertot  model  is  changed. 

The  primary  jump  detection,  and  identification  is  per¬ 
formed  hy  the  C.ene ra  1  i zed  Likelihood  Ration  (Cd.K)  test  on  the 
titter  residuals  as  described  in  Ret.  I.  As  in  the  residual 
(i.e.,  titter)  calculations,  the  Ul.K  test  computations  are  di¬ 
vided  into  two  routines,  as  shown  in  Kig.  l) .  One  calculates  the 


Figure  9 


Data  Flow  for  Residual  Calculation 
and  Evaluation 


GI.R  gain  matrices  and  the  other  performs  the  GLR  test  on  the 
data.  (The  GLR  gain  matrices  only  need  to  be  recomputed  when 
the  filter  gain  matrices  are  recomputed.)  The  GLR  Test  routines 
use  the  gain  matrices  to  determine  whether  the  filter  residuals 
are  consistent  with  the  model.  In  the  event  of  a  jump  detection 
the  time  and  identity  of  the  parameter(s)  which  changed  (jumped) 


are  estimated  using  the  techniques  discussed  in  Kef.  1.  These 
jump  estimates  can  then  he  used  to  change  the  model  and  the  re¬ 
sidual  calculations  can  be  repeated. 

Various  Residual  Test^s  are  performed  on  both  the  filter 
and  smoother  outputs.  I F  the  models  are  correct  the  residuals 
will  be  a  zero  mean  and  uncorrelated  random  sequence  and  have 
the  variance  predicted  by  the  model.  Thus,  the  sample  mean  and 
variance  calculations  provide  some  clues  as  to  the  nature  of 
modeling  errors.  These  tests  provide  a  "quick- look"  capability 
to  help  identify  missions  with  possible  parameter  jumps. 

In  addition,  two  forms  of  Smoother  may  be  used.  The 
Fixed-Point  Smoother  allows  the  computationally  efficient  esti¬ 
mation  of  a  limited  number  of  smoothed  states  at  selected  times. 
This  is  particularly  attractive  if  only  certain  candidate  states 
are  suspected  to  be  time-varying.  Fixed- Interval  Smoothing 
allows  the  smoothed  estimation  of  all  parameters  but  requires 
more  computations.  Both  have  a  place,  however,  in  the  search 
for  unmodeled  parameter  changes. 


SUMMARY 


TASC  is  presently  preparing  to  process  Minuteman  III 
telemetry,  radar,  and  GPS  measurement  data  on  the  forthcoming 
GPS-RTP  flight  tests.  The  purpose  of  the  processing  effort  is 
to:  (1)  estimate  position  and  velocity  errors  at  deployment  and 

initial  platform  alignment  errors,  (2)  determine  guidance  system 
instrument  error  coefficients,  and  (3)  detect  and  identify  anom¬ 
alous  guidance  system  performance.  This  paper  describes  the 
results  of  a  study  to  assess  the  performance  of  the  GPS-RTP  meas¬ 
urement  system.  The  performance  is  compared  to  that  of  the  FLY-2 
flight  test  program  described  in  Ref.  1.  The  major  findings  of 
the  study  are: 


•  The  incorporation  of  GPS  measurements 
will  significantly  enhance  the  estimation 
of  deployment  errors  and  initial  azimuth 
alignment  error 

•  The  estimation  of  instrument  error  coef¬ 
ficients  may  be  improved  to  some  extent, 
using  the  GPS-RTP  data 

•  Detection  and  identification  of  anomalous 
guidance  system  performance  may  be  sig¬ 
nificantly  enhanced  by  the  introduction 
of  the  GPS  measurements. 
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SECTION  1 


INTRODUCTION 


A  phenomenon  of  current  study  in  floated  inertial  instruments, 
is  Gravity  Sensitive  Trending  (GST) .  Typically,  after  a  change  in  orien¬ 
tation  of  an  instrument,  the  acceleration  dependent  instrument  coeffi¬ 
cients  vary  as  an  apparent  mass  unbalance  shift.  Several  physical 
mechanisms  have  been  proffered  to  explain  GST  (see  Reference  1),  all  of 
which  fall  into  two  broad  categories;  either  flotation  fluid  or  float 
sources . 

Float  sources  of  GST  are  as  follows: 

(1)  Float  center  of  gravity  shift  due  to 

(a)  Partially  filled  void  (or  bubble) 

(b)  Epoxy  viscoelasticity 

(c)  Residual  solvent 

(d)  Float  creep 

(2)  Float  center  of  buoyancy  shift  due  to 

(a)  Epoxy  viscoelasticity 

(b)  Float  creep 

Float  creep  is  currently  discounted  as  a  GST  source  because  float 
assembly  induced  stresses  are  much  higher  than  gravity  induced  stresses, 
and  because  gravity  independent  unbalance  ramps  are  small.  The  gyro 
test  results  described  in  Reference  1,  in  which  the  unit  was  stored  at 
various  temperatures,  also  suggest  discounting  float  sources,  because 
at  low  temperatures  little  trending  was  observed.  This  observation 
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indicates  fluid  sources,  all  of  which  depend  upon  viscosity  which  is 
more  temperature  dependent  than  the  float  parameters.  (The  partially 
filled  void  model  is  an  exception  since  viscosity  is  important) .  How¬ 
ever,  float  sources  cannot  be  conclusively  discounted  until  further  test 
data  are  obtained.  Float  sources  are  not  discussed  further  in  this  report, 
which  concentrates  on  the  fluid  sources. 

Motion  of  the  flotation  fluid,  due  to  density  gradients  in  the 
fluid,  has  been  suggested  as  the  fluid  source  of  GST.  This  report 
attempts  to  document  the  physical  and  analytical  models  of  flotation 
fluid  behavior  in  an  acceleration  field. 

There  are  several  postulated  physical  mechanisms  whereby  density 
gradients  are  built,  all  of  which  depend  upon  the  existence  of  either 
or  both  of  the  following: 

(1)  Contamination 

Contaminants  may  be  introduced  by  imperfect  cleaning  tech¬ 
niques,  or  during  fill,  or  deterioration  (incompatibility) 
during  storage  or  operation.  The  contaminants  may  be  solid, 
liquid  or  gaseous  and  may  be  insoluble,  soluble,  dissolving 
or  precipitating.  Their  densities  may  be  quite  different 
from  that  of  the  fluid. 

(2)  Multiple  Telomer  Fluids 

If  the  flotation  fluid  is  not  unimolecular ,  it  consists  of 
multiple  telomers  which  are  blended  to  give  the  fluid  its  re¬ 
quired  density  and  viscosity.  The  range  of  telomer  molecular 
weights  is  strongly  suspect  as  a  GST  source.  For  example, 
Third-Generation  Gyros  (TGGs)  are  filled  with  chlorotrif luoro- 
ethylene  (CTFE) ,  while  other  units  are  filled  with  bromotri- 
fluoroethylene  (BTFE) ;  the  approximate  difference  in  molecular 
weight  between  the  lightest  and  heaviest  CTFE  molecules  is 
500  gm/ (gm-mol) . 

Generally,  it  has  been  convenient  in  the  past  to  make  assumptions 
concerning  the  nature  of  an  existing  density  gradient  (from  whatever 
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mechanism)  and  to  use  these  assumptions  in  predicting  the  error  torques. 
However,  the  postulated  physical  mechanisms  which  predict  the  building 
of  a  density  gradient  cannot  always  be  separated  from  the  torque  produc¬ 
ing  mechanism.  A  brief  dercription  of  the  mechanisms  of  density  gradient 
and  torque  production  are  given  below.  Note  that  all  the  mechanisms  may 
occur  simultaneously,  and  that  it  is  possible  for  one  to  predominate  and 
mask  the  effects  of  the  others. 

( 1)  Sedimentation 

An  acceleration  field  will  produce  a  sinking  or  rising  motion 
of  elements*  whose  densities  are  respectively  greater  than 
or  less  than  that  of  the  fluid.  Density  gradients  occur 
when  the  elements  localize  in  preferential  areas  rather  than 
become  uniformly  dispersed  throughout  the  fluid.  The  torque 
production  is  caused  by  a  viscous  drag  transmitted  to  the 
float  from  the  element  motion  in  the  fluid,  or  by  a  pendu- 
losity  effect  if  the  element  is  adjacent  to  the  float  sur¬ 
face.  If  the  elements  are  small  enough  so  that  Brownian 
motion  (diffusion)  becomes  important,  then  there  is  a  remix¬ 
ing  effect  of  varying  importance  (see  section  5). 

'The  case  of  voids  (or  cavities)  which  may  appear  in  the  TGG 
fluid  at  decreased  temperatures  (due  to  incomplete  bellows 
compensation)  also  lies  in  this  category.  At  operating 
temperature  these  voids  disappear  over  a  period  of  several 
hours,  and  are  responsible  for  the  very  large  ramps  observed 
dunna  initial  operation.  These  voids  are  not  considered 
responsible  for  the  accepted  GST  phenomena  in  the  TGG 
although  they  cause  g-insensitive  unbalance  trends. 

( 2)  Ihermogravitational  Diffusion  (TGD) 

A  temperature  gradient  across  the  fluid  enables  thermal  dif¬ 
fusion  to  separate  lighter  from  heavier  contaminants  and/or 
fluid  constituents.  In  the  presence  of  an  acceleration 


*Here,  element  refers  to  either  a  contaminant  (particulate,  liquid  or  gas) 
or  a  fluid  constituent. 


field,  fluid  convection  enables  the  lighter  species  to 
collect  at  different  locations  from  the  heavier  species. 
Torque  production  is  due  to  the  bulk  fluid  flow  driven  by 
the  density  gradient.  At  the  same  time,  the  TGD  mechanism 
is  also  producing  an  effective  mass  motion,  which  should  be 
included  in  reorientation  considerations. 

(3)  Built-in  Density  Gradient 

If  the  fluid  is  not  unimolecular  (or  narrow  cut) ,  a  fluid 
inhomogeneity  may  be  poured  in  during  fill.  This  may  occur 
if  the  fluid  is  initially  inhomogeneous  before  fill,  or  may 
arise  as  a  direct  consequence  of  the  fill  procedure  (e.g., 
the  more  volatile  molecules  evaporate  during  the  fill  process 
(fluid  stripping)).  Torque  production  is  caused  by  the  bulk 
fluid  flow  driven  by  the  built-in  density  gradient. 

Section  2  of  this  report  discusses  typically  observed  GST  signa¬ 
tures.  In  Section  3  a  general  analytical  description  of  the  equations 
of  mass  transport  applied  to  the  flotation  fluid  is  presented.  Section 
4  reviews  the  analytical  models  predicting  the  duration  and  magnitude  of 
the  torques  exerted  on  the  float  by  density  gradient  driven  fluid  bulk 
motion.  A  discussion  of  system  navigation  models  also  appears  in  Section 
4.  Analytical  models  describing  sedimentation,  centrifuge  conditioning 
of  a  built-in  density  gradient,  and  TGD  are  given  in  Sections  5  through  7. 
Conclusions  and  recommendations  based  on  the  analyses,  are  discussed  in 
Section  8. 

As  an  instructional  aid,  the  examples  are  calculated  for  the  TGG, 
a  floated  gas-bearing  instrument  which  was  designed  at  CSDL  and  is  being 
manufactured  at  Northrop  Precision  Products  Division. 
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SECTION  2 

TYPICALLY  OBSERVED  GST  SIGNATURES 


GST  is  typically  noticed  after  a  change  in  orientation  of  an 
instrument  which  has  been  maintained  in  a  fixed  orientation  during  a 
period  of  time  preceeding  the  orientation  change.  During  the  time 
following  this  orientation  change,  the  acceleration  dependent  instrument 
coefficients  vary  as  an  apparent  mass  unbalance  shift.  Typically  observed 
GST  signatures  (see  References  1,  2  and  3)  can  be  characterized  by  the 
following  six  descriptions: 

(1)  the  unbalance  eventually  moves  into  alignment  with  the  g- 
vector  (vertical) . 

(2)  For  an  180°  storage  reorientation  the  unbalance  changes 
along  the  new  vertical  axis  only. 

(3)  For  a  90°  storage  reorientation  either 

(a)  the  unbalance  changes  primarily  along  the  new  vertical 

axis,  or 

(b)  the  unbalance  changes  along  both  the  new  vertical  and 
new  horizontal  axes. 

(4)  Centrifuging  the  instrument  with  wheel  off  indicates  that  the 
equilibrium  unbalance  (bound  magnitude)  is  independent  of 
g-level . 

(5)  Centrifuging  the  instrument  with  wheel  off  indicates  that 
either 
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(a)  the  time- to-bound  (time  to  reach  an  equilibrium  unbalance 
for  a  given  orientation)  is  inversely  proportional  to  g- 
level  (PIGA,  another  gyro) ,  or 

(b)  the  time-to-bound  is  inversely  proportional  to  g11 
where  0  <  n  <  1  (another  gyro,  TGGs  0002,  222X) . 

(6)  The  time-to-bound  is  essentially  independent  of  the 
equilibrium  unbalance  magnitude. 

It  is  interesting  to  note  that  characteristics  3(a)  and  3(b)  are 
both  observed  for  the  TGG,  but  only  3(b)  for  other  instruments.  Charac¬ 
teristic  6  is  derived  from  the  fact  that  no  correlation  is  observed  ir. 
the  test  data  between  time-to-bound  and  bound  magnitudes. 

Test  values  of  times- to-bound  and  bound  magnitudes  vary  from 
instrument  to  instrument.  Typically,  the  times- to-bound  range  from  10 
to  100  g  days  and  the  bound  magnitudes  range  from  approximately  0  to  0.10 
deg/h/g.  Values  of  bound  magnitudes  much  larger  than  typical  have  also 
been  observed.  Generally,  the  longer  the  test  period  the  larger  the 
time  constant  of  the  trend.  This  is  attributed  to  the  several  different 
time  constants  of  the  mechanisms  governing  the  fluid  motion  and  diffusion 
effects  (Sections  5  through  7) .  The  simultaneous  existence  of  fluid 
sources  possessing  different  time  constants  is  assumed  responsible  for 
characteristic  5(b). 

In  the  TGG,  observed  times- to-bound  are  approximately  *  g  days 
to  *  g  days  for  bound  magnitudes  of  approximately  *  through  *  meru/g. 
These  values  are  based  upon  MPMS  and  ASP  system  data,  MX  (0002,  0006, 
and  0015)  and  prototype  units  MPMS  (221X,  222X) . 


For  deleted  information  please  refer  to  the  authors. 


SECTION  3 


GENERAL  EQUATIONS  OF  MASS  TRANSPORT 


A  complete  solution  to  the  phenomenon  of  mass  transport  of  the 
flotation  fluid  requires  a  combined  solution  of  the  equations  of  bulk 
fluid  motion,  bulk  fluid  continuity,  and  mass  diffusion.  The  general 
solution  of  these  equations  is  not  available.  A  numerical  technique  for 
solving  a  more  simplified  version  has  been  outlined  in  Reference  4,  and 
is  currently  being  developed.  However,  it  is  advantageous  to  examine 
cases  which  allow  simplification  of  the  equations  and  hence  a  more  readily 
achievable  solution. 

One  assumption  requires  that  the  flotation  fluid  be  a  two  compo¬ 
nent  (binary)  mixture.  Although  this  is  not  generally  true,  except  for 
a  monomolecular  fluid  with  one  contaminant,  or  a  true  binary  fluid,  it 
permits  useful  insight  into  the  speculated  physical  mechanism  for  GST. 

Ihe  general  equations  of  the  binary  fluid  are  developed  as  follows. 
Neglecting  compressibility  effects,  the  vector  equation  of  bulk  fluid 
motion  is 


_D_(v) 

Dt 


-  Vp  +  p£  +  gVzv 


(3.1) 


which  is  the  Navier-Stokes  equation,  and  where  v  =  (V  ,  V  ,  V  ) . 

x  y  z 

The  continuity  equation  of  the  bulk  (or  barycentric)  flow  is 


_D_  (p) 
Dt 


+■  p  V 


v 


0 


(3.2) 
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which,  for  component  1  of  a  two-component  fluid,  can  be  expressed  as 
(see  Reference  4) 


3c  ^ 

p  — r—  +  p  v  .  7cj  ■  -  V  .  Jj  (3.3) 

J  t 

where  ci  is  the  fractional  mass  concentration,  and  J,  =  (J,  ,  J  ,  J,  ) 

1  — 1  lx  ly  lz 

is  mass  flux  of  component  1  with  respect  to  the  bulk  flow. 

The  equation  for  £1  is 

c  lc2  “I 

C1  ~  01  — ^ —  7T  +  SC1  7P  I  (3.4) 

where  cj  +•  c2  =  1  for  a  two  component  fluid,  so  that  the  continuity 
equation  for  C2  is  unnecessary.  The  first  term  on  the  right  hand  side 
of  equation  (3.4)  represents  the  effect  of  ordinary  diffusion  due  to  the 
concentration  gradient,  the  second  term  represents  thermal  diffusion 
across  a  temperature  gradient,  and  the  third  term  represents  transport 
due  to  a  sedimenting  (pressure  gradient)  force.  Section  5  discusses  the 
case  where  either  sedimentation  or  ordinary  diffusion  dominate,  and 
Section  6  discusses  the  case  of  dominant  thermal  diffusion. 

A  constitutive  relationship  to  determine  density  variation  with 
time  is  required.  As  a  first  approximation  the  density  p  is  assumed  to 
be  the  weighted  average  of  the  two  components 
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P 


C!  c2 
P  1 0  P  20 


(3.5) 


where  p  10  and  P20  are  the  densities  of  components  1  and  2  representing 
before  mixing.  Since  cj  *■  c2  =  1  equation  (3.5)  can  be  rewritten  as 


Differentiating  with  respect  to  time 


_L  le. 

p2  dt 


(3.7) 


Equations  (3.1)  through  (3.7)  produce  nine  equations  which,  in 
theory,  can  be  solved  for  the  nine  variables,  p,  p,  cj,  J i ,  and  v  if 
010'  P20»  St'  D'  a*  and  the  temperature  distribution  are  known.  (Note 
that  for  the  TGG,  Rayleigh  number  calculations  indicate  that  convection 
does  not  affect  the  temperature  distribution.)  Once  p  and  v  are  known 
it  is  relatively  simple  to  calculate  the  magnitude  and  times  of  the 
buoyancy  force  and  viscous  drag  effects  on  the  float.  Without  simpli¬ 
fication  it  is  currently  not  possible  to  solve  these  nine  equations. 
Previous  approaches  to  the  GST  problem  have  been  based  upon  assumptions 
of  the  nature  of  the  equilibrium  density  gradient  (i.e.,  after  prolonged 
storage) .  These  assumptions  are  then  used  to  calculate  bound  magnitudes 
and  times- to-bound  of  the  GST,  and  preclude  the  simultaneous  solution  of 
equations  (3.1)  through  (3.7).  A  review  of  these  past  approaches  is 
presented  in  the  next  section.  The  basic  technique  has  been  to  ignore 
the  mechanism  whereby  density  gradients  are  developed  and  to  estimate 
the  bulk  fluid  motion  arising  from  a  change  in  orientation  (i.e.,  develop 
a  basic  solution  of  the  Navier-Stokes  equations) . 

The  solution  of  some  special  case  simplifications  now  follows  in 
Sections  A  through  7.  The  end  gaps  as  well  as  the  damping  gap  are 
studied. 

Note  that  flocculation,  coagulation,  and  electric  boundary  layer 
effects  are  not  included  in  the  discussed  models.  Flocculation  and 
coagulation  have  been  observed  in  CTFE  and  are  discussed  at  several 
points . 


SECTION  4 


BULK  FLUID  MOTION 


4 . 1  INTRODUCTION 

If  the  density  gradient  production  mechanisms  are  ignored  and  an 
equilibrium  density  gradient  assumed  then,  after  a  change  in  orientation, 
the  realignment  of  the  density  gradient  along  the  g  direction  by  bulk 
flow  is  responsible  for  GST  torques  exerted  on  the  float.  There  are  two 
possible  causes  of  these  error  torques: 

(1)  viscous  drag  effects,  and 

(2)  buoyancy  force  effects. 

However,  the  analysis  of  Reference  5  shows  that,  for  the  typical  range 
of  eccentricities  of  centers  of  rotation  and  buoyancy,  the  buoyancy 
force  effect  is  at  least  an  order  of  magnitude  less  than  the  viscous 
drag  effect.  Several  theories  have  been  postulated  to  predict  the  bulk 
fluid  motion  in  the  damping  gap  and  the  corresponding  viscous  drag 
effect  on  the  float.  These  theories  assume  a  density  distribution  and 
are  essentially  solutions  of  the  Navier-Stokes  and  continuity  equations 
(see  Section  3) .  The  theories  are  discussed  briefly  and  their  short¬ 
comings  indicated.  Also  discussed  are  system  navigation  models. 

4.2  FLUID  DENSITY  GRADIENT  MODELS 

TVo  related  models  which  assume  fluid  density  distributions  (a 
linear  gradient  and  a  concentrated  non-homogeneity)  are  discussed. 

These  models  reveal  the  basic  torque  producing  mechanism,  but  offer 
no  insight  into  the  origins  of  the  distributions. 


11 


t 

c 


V  r  U  k 


2h 

VD  max 


(4.4) 


where  k^  is  an  empirical  vertical  settling  factor.  However,  this  model 
gives  small  initial  effect  mass  velocities  along  g  after  180°  reorien¬ 
tation.  Tests  indicate  relatively  large  velocities  along  g,  a  contra¬ 
diction. 

Based  upon  measured  values  of  fluid  contamination  in  several 
instruments,  values  of  the  density  difference  amplitude  k  were  assumed 
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for  prediction  of  the  GST  bound  magnitude  (see  References  1  and  6) . 
comparison  of  theory  with  test  extracted  from  References  1  and  6  is 
shown  in  Table  1  below. 


Table  1.  Correlation  between  linear  density  gradient  model  and 
observed  GST  effect. 


Instrument 

Contaminant 

Contamination 
Concentration 
(ppm  by  weight) 

Calculated 
GST  Effect 
(dyn-cm) 

Observed 

GST  Effect 
(dyn-cm) 

Freon 

140 

25  TRIG  Mod  3 

Hydrocarbons 

40 

0.80 

0.60 

Water 

25 

25  I RIG  Mod  3 

Hydrocarbons 

100 

0.9 

0.56 

13  I RIG 

Hydrocarbons 

180 

0.109 

0.07 

16  PM  PIP* 

Freon 

5000 

1.37 

0.3 

Vial* 

Freon 

4000 

10.0 

4.2 

25  I RIG  Mod  3  1.6  -  8.3 


•Purposely  contaminated 

The  simple  linear  theory  is  correlated  to  test  for  contaminant  values  of 
roughly  100  ppm.  The  correlation  and  contaminant  values  measured  in 
TGGs  (see  Reference  22)  suggest  that,  in  the  TGG,  contaminants  are  a 
significant  contributor  to  GST;  however,  another  effect  (Chapter  1)  is 
masking  the  contaminant  contribution. 

The  time  constants  predicted  by  this  theory  are  inversely  propor¬ 
tional  to  the  bound  magnitudes.  This  is  not  verified  by  test  which 
indicates  no  correlation  between  time  constants  and  bound  magnitudes. 
However,  this  does  not  necessarily  mean  that  the  analytical  model  is 
incorrect,  but  rather  that  the  physical  mechanism  of  density  gradient 
production  may  invalidate  the  bulk  flow  assumptions .  Predicted  TGG  time 
constants  in  the  end  gap  are  closer  to  observed  than  those  in  the  damping 
gap,  e.g.,  for  a  1  meru/g  bound  magnitude,  t  =  750  days  in  the  damping 
gap  and  t  =50  days  in  the  end  gap. 


A  summary  of  the  shortcomings  of  this  theory  follows: 

(1)  Requires  assumptions  of  the  density  gradient; 

(2)  180°  storage  reorientations  cannot  be  predicted  unless 
assumptions  are  made  concerning  the  bulk  flow  paths  (i.e., 
three-dimensional  flow  rather  than  two-dimensional  as 
discussed) ; 

(3)  Can  only  predict  bound  magnitudes  after  a  90°  storage 
reorientation; 

(4)  Time-to-bound  depends  upon  unbalance; 

(5)  Poor  correlation  with  observed  times- to-bound. 

The  above  analysis  has  neglected  the  effect  of  convection  due  to 
the  temperature  difference  across  the  gap.  A  first  order  approximation, 
in  which  the  density  gradient  realigned  itself  with  the  g  vector  along 
the  convection  paths,  was  presented  in  Reference  7.  Apart  from  requir¬ 
ing  assumptions  concerning  the  convection  paths,  this  method  also 
possessed  shortcomings  (1),  (4),  and  (5)  above. 

The  strong  point  of  this  theory  is  the  description  of  the  basic 
mechanism  of  torque  production. 

4.2.2  Discontinuous  Density  Gradient  (Migrating  Mass  Unbalance  Model) , 

(see  Reference  8) 

This  model  assumes  that  a  concentrated  excess  mass  (fluid  inho¬ 
mogeneity)  exists  in  an  otherwise  homogeneous  fluid.  The  mass  is  assumed 
to  move  under  gravity  (rather  than  diffusion)  along  the  gap,  with  a  tan¬ 
gential  velocity  u  and  is  resisted  by  a  viscous  force  proportional  to  u. 

The  motion  of  the  concentrated  mass  is  the  bulk  flow  depicted  in  Figure  2, 
which  exerts  a  shear  stress  on  the  float.  Temperature  gradient  effects 
have  been  neglected.  This  model  differs  from  the  linear  density  varia¬ 
tion  of  section  4.2.1  in  the  density  distribution  assumed. 

The  analysis  assumes  either  the  bound  magnitude  error  torque,  or 
the  excess  mass,  or  the  time  constant  to  predict  the  remaining  two.  The 
time  constant  is  inversely  proportional  to  the  bound  magnitude,  a  shortcoming 
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which  is  previously  discussed  in  Section  4.2.1.  In  the  damping  gap  there 
is  poor  correlation  with  observed  time  constants,  e.g.,  for  the  TGG  in  a 
lg  acceleration  field  the  time  constant  is  predicted  to  be  833  days  for 
a  bound  magnitude  of  1  meru,  and  166.6  days  for  a  bound  magnitude  of  5 
meru.  Application  of  this  analysis  to  the  end  gap  gives  better  correla¬ 
tion  with  observed  time  constants,  e.g.,  for  the  TGG  in  a  lg  acceleration 
field  the  time  constant  is  predicted  to  be  27  days  for  a  bound  magnitude 
of  1  meru,  and  5.4  days  for  a  bound  magnitude  of  5  meru. 

A  difficulty  encountered  with  this  analysis  and  that  of  the  linear 
density  gradient  is  the  case  of  180°  storage  reorientation.  The  concen¬ 
trated  excess  mass  which  was  originally  at  the  bottom  is  now  at  the  top 
of  the  vertical  axis.  Test  data  have  shown  that  horizontal  axis  unbalance 
remains  virtually  unchanged  with  time.  To  achieve  this  the  model  requires 
the  mass  to  split  into  two  practically  equal  halves  which  move  in  similar 
flow  paths  on  opposite  sides  of  the  float.  The  simplest  of  these  flow 
paths  is  circumferential  flow  around  the  float,  but  a  more  complex  flow 
path  with,  both  axial  and  circumferential  velocity  components  may  exist. 

A  summary  of  the  shortcomings  of  this  theory  is: 

(1)  Requires  knowledge  of  the  unbalance  or  time  constant; 

(2)  Cannot  predict  180°  reorientations  unless  mass  is  divided; 

(3)  Time-to-bound  depends  upon  unbalance; 

(4)  Poor  correlation  with  observed  times- to-bound. 

The  strong  point  of  this  theory  is  the  description  of  the  basic 
mechanism  of  torque  production. 

4.3  NAVIGATION  MODELS 

An  important  class  of  models  which  requires  no  knowledge  of  the 
GST  mechanisms  is  the  class  designated  Navigation  Models.  These  models 
are  formulated  so  as  to  agree  qualitatively  with  the  test  observations 
of  GST,  and  are  aimed  for  use  at  the  system  level.  It  should  be  noted 
that  the  migrating  mass  unbalance  (MMU)  model  of  Section  4.2.2  has  also 
been  proposed  as  a  Navigation  Model. 


FLOAT 


k,R  [(03-0,)  -  (02 -a, ))  -k2R0j  -C$2  =M0jR 

Figure  3.  The  multimass  navigational  model. 

4-3.1  The  Multi-Mass  Navigation  Model  (see  Reference  9) 

It  is  suggested  that  the  density  inhomogeneities  be  modeled  as  a 
series  of  masses  as  shown  in  Figure  3.  The  masses  M  are  connected  to  one 
another  by  the  rotational  springs  Rotational  damping  constant  C 

damps  the  mass  motion  with  respect  to  the  float  and  case.  The  second  set 
rotational  springs  k?  are  included  to  simplify  the  analytic  burden. 

By  fixing  the  masses  to  a  given  area  around  the  float,  linear  models 
might  be  used  advantageously.  To  satisfy  the  observed  result  that  un¬ 
balance  does  not  depend  on  gravity  magnitude,  and  that  time  constant  is 
inversely  proportional  to  gravity,  the  spring  stiffness  would  be  con¬ 
sidered  proportional  to  gravity. 
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It  is  enphasized  that  the  model  is  suggested  only  because  it 
agrees  qualitatively  with  observed  data.  Hie  actual  parameter  values, 
as  well  as  the  number  of  masses,  should  be  determined  from  test.  Since 
point  mass  models  are  a  subset  of  the  multi-mass  model,  any  testing 
designed  to  study  the  multi-mass  model  is  also  applicable  to  the  MMU. 
Before  fitting  data,  analytic  study  of  the  proposed  model's  behavior  is 
required . 

4.3.2  The  Point  Mass  Navigation  Model  (see  Reference  10) 

This  is  an  analytically  and  physically  simpler  model  than  the 
multi-mass.  A  point  mass  is  located  within  the  gyro  case,  at  the  center 
of  gravity  of  the  heavier  region  (or  regions)  of  the  fluid  (i.e.,  due  to 
density  inhomogeneities) .  Its  movement  is  subject  to  viscous  damping 
and  its  motion  from  the  geometric  center  of  the  gyro  is  restrained  by  a 
spring  (see  Figure  4) .  Different  values  of  the  damping  and  spring  con¬ 
stants  can  be  introduced  to  allow  different  gains  and  time  constants  for 
the  motion  of  the  point  mass.  This  analysis  does  have  the  advantage 
that  any  splitting  of  the  fluid  heavier  region  is  accounted  for  by  the 
fact  that  the  point  mass  is  not  constrained  to  remain  in  the  damping  gap. 

The  point  mass  model  also  gives  qualitative  agreement  with  observed 
GST  data,  although  quantitative  evaluation  has  not  been  completed.  As 
with  the  multi-mass  model,  agreement  would  indicate  the  likelihood  of  some 
density  gradient  migrating  mass  unbalance  model  being  responsible  for 
GST.  In  order  to  utilize  this  model  the  magnitudes  of  the  spring  and 
damping  coefficients  must  be  chosen  to  match  test  data.  Since  GST  levels 
vary  from  gyro  to  gyro  semi-empirical  coefficients  must  be  determined. 

The  shortcomings  of  both  system  navigation  models  are  as  follows: 

(1)  Can  only  be  used  for  evaluation; 

(2)  Insufficient  data  to  answer  OA  vertical  or  zero  g; 

(3)  Cannot  satisfy  bound  magnitudes  changing  with  time. 
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Th«  point  mass  model  also  has  the  disadvantage  that  it  does  not  satisfy 
the  g  alignment  observation  for  a  90°  storage  reorientation  (character¬ 
istic  3(a) ,  Section  2) .  A  model  which  superimposes  the  above  upon  a 
viscoelastic  model,  where  the  mass  is  only  permitted  motion  along  gravity 
is  recommended  in  Section  8  for  use  in  evaluating  navigation  system. 
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SECTION  5 


SEDIMENTATION 


5.1  INTRODUCTION 


If  the  effect  of  temperature  gradient  is  neglected  then  Equation 
(3.4)  becomes 

Jl  =  pD  [’Tc'i  +  SC!  Vp]  (5.1) 

The  relative  importance  of  the  two  terms  on  the  right  hand  side  of  Equa¬ 
tion  (5.1)  depends  upon  the  size  of  the  contaminants  and  fluid  constitu¬ 
ents.  (It  should  be  noted  here  that  the  largest  telomers  of  CITE  are 
approximately  10~3  microns).  It  is  convenient  to  examine  Equation  (5.1) 
with  reference  to  the  three  classes  of  sedimenters  discussed  in  Refer¬ 
ence  11. 

5.1.1  True  Sedimenters 

These  may  be  considered  to  be  greater  than  approximately  1  micron 
in  size  (see  Reference  12),  and  cah  therefore  only  be  contaminants.  In 
an  acceleration  field  Jig,  the  sedimenting  force  dominates  the  Brownian 
motion  of  the  surrounding  molecules.  Hence  the  relative  mass  transfer 
equation  is 

Jl  »  pD  sc!  7p  (5 .2) 


fmCXOLNO  FAfl*  BLAMC 


5.1.2  Partial  Sedimenters 


These  may  he  considered  to  lie  in  the  colloidal  size  range  of 
approximately  10“ 3  microns  to  1  micron  (see  Reference  12),  and  can  there¬ 
fore  be  either  contaminants  or  fluid  constituents  or  both.  The  net 
transport  is  described  by  Equation  (5.1) ,  where  the  sedimenting  force  is 
opposed  by  diffusion  (Brownian  motion)  due  to  the  development  of  a  con¬ 
centration  gradient  in  the  g  direction. 

5.1.3  Non- Sedimenters 

These  are  less  than  approximately  10“ 3  microns,  and  can  therefore 
be  either  contaminants,  fluid  constituents,  or  both.  The  sedimenting 
forces  are  so  small  that  the- effect  of  Brownian  motion  predominates. 

Hence  the  relative  mass  transfer  equation  is 

Jl  =  OD  7c i  (5.3) 

This  represents  a  spreading  or  remixing  motion  which  results  in  uniform 
dispersion  throughout  the  fluid.  Only  in  the  most  powerful  ultracentn- 
fuges  will  sedimentation  be  possible.  This  class  will  become  important 
if  a  temperature  gradient  exists  (thermal  diffusion). 

There  is  clearly  no  rigid  distinction  between  the  boundaries  of 
the  first  and  second,  and  second  and  third  classes. 

5.2  TRUE  SEDIMENTS RS 

5.2.1  True  Sedimenters  in  the  Damping  Gap 

The  behavior  of  sedimenting  contaminants  in  the  damping  gap  is 
discussed  in  detail  in  Reference  11.  Briefly,  Reference  11  qualitatively 
discusses  the  motion  of  contaminants,  greater  than  1  micron  in  size,  for 
storage  axis  reorientations  in  a  Ig  acceleration  field.  Contaminant 
motion  between  float  and  case  (i.e.,  across  the  damping  gap)  is  seen  to 
be  important.  Analytical  predictions  are  based  upon  the  assumption  of 
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spherically  shaped  contaminants,  which  exert  a  torque  about  OA  due  to 
either: 

(1)  contacting  the  float  surface  (pendulosity) ;  or 

(2)  moving  through  the  fluid  (transmitted  viscous  draq) . 

Theoretical  results  relating  to  the  TGG  are  reproduced  from  Reference  11 
in  Table  2  and  Figure  5.  Note  that  the  binary  fluid  assumption  is  not 
necessary  for  true  sedimenters,  and  that  the  bulx  fluid  motion  is 
accounted  for  by  the  transmitted  viscous  drag. 

Based  upon  a  5  micron  filter  size,  values  of  fill  introduced 
contaminant  densities  causing  different  decay  times  (times  to  bound) 
are  shown  in  Table  2. 


Table  2.  Effect  of  fill-introduced  particulate  ;  on  TGG. 


—  — - 

Time  to  Decay 
(days) 

Approximate  Particulate  Density 
(gm/cm3) 

90 

p  <0.5,0  >3.0 

P  P 

30 

o  >5.0 

P 

12 

0  >10.0 
p 

4 

0  >20.0 

P 

Limitation  on  the  size  of  fill-introduced  liquids  or  gases  is  not 
strictly  applicable  since  fluids  may  pass  through  the  filter.  Further¬ 
more,  once  inside  the  instrument,  contaminants  may  combine  or  separate 
to  form  various  sizes  and  distributions.  Clearly  no  size  restriction  can 
be  placed  on  contaminants  already  inside  the  instrument  or  that  are  gen¬ 
erated  in  si • u. 

Values  of  the  amount  of  contamination  required  to  produce  1  meru/g 
error  torque  in  the  TGG  by  the  viscous  drag  mechanism  versus  contaminant 
density  are  shown  in  Figure  5.  The  results  are  independent  of  contaminant 
radius . 


figure  5.  Damping  gap  contamination  in  ppm  by  volume  required  to  cause  1  meru/g  in  TG<i  based  on 
viscous  drag  mechanism. 


The  mechanism  of  sedimenting  contaminant  motion  appears  to  satisfy 
all  the  observable  characteristics,  including  some  hitherto  unexplained 
test  results  (see  References  11  and  13) .  There  is,  however,  a  need  for 
clarification  as  to  whether  the  contaminants  have  crossed  the  gap  onto 
the  float  or  whether  they  remain  close  to  the  case  at  the  time  of  torque 
measurement. 

5.2.2  True  Sedimenters  in  the  End  Gap 

The  motion  of  sedimenting  contaminants  in  the  end  gap,  which  is 
not  considered  in  Reference  11,  may  be  necessary  to  explain  some  of  the 
observed  GST  signatures  after  90°  storage  reorientation.  The  generally 
accepted  signature  after  90°  reorientation  is  one  in  which  both  vertical 
and  horizontal  axes  unbalance  change  with  time.  However,  some  test 
results  indicate  an  unbalance  change  only  along  the  new  vertical  axis 
(i.e.,  only  along  g)  while  the  new  horizontal  axis  unbalance  remains 
virtually  constant  at  least  for  the  first  ten  days  or  more.  (Note,  it 
has  never  been  observed  that  unbalance  changes  along  only  the  horizontal 
axis  and  not  the  vertical).  An  explanation  of  the  phenomenon  requires  a 
predominance  of  sedimenting  contaminants  in  the  end  gap  rather  than  the 
damping  gap.  This  is  feasible  since  the  volume  of  fluid  in  the  MX/TGG 
end  gaps  is  approximately  1.49  cmJ  (SG  end  -0.65  cm3,  TG  end  -0.84  cm3) 
compared  with  0.89  cm3  in  the  damping  gap. 

Similarly  to  the  discussions  of  Reference  11,  consider  contamin¬ 
ants  that  are  true  sedimenters  under  gravity.  Furthermore,  for  simpli¬ 
city,  consider  only  those  contaminants  which  sink  under  gravity,  i.e., 
which  are  he ivier  than  the  fluid.  The  following  sequence  of  events, 
shown  in  Figure  6  for  one  contaminant,  is  indicative  of  the  possible 
mechanism  explaining  negligible  horizontal  axis  unbalance  after  90° 
reorientation. 


VERTICAL 


Figure  6.  Sedimenting  contaminant  in  the  end  gap. 

Referring  to  Figure  6(a),  the  contaminant  can  travel  vertically 
in  the  end  gap.  Thus,  there  is  a  significant  change  with  time  of  the 
viscous  drag  moment  arm  when  measuring  vertical  axis  'unbalance,  but  a 
zero  change  of  the  horizontal  axis  unbalance  moment  arm.  Eventually, 
the  contaminant  reaches  the  case  (see  Figure  6(b))  and  begins  to  travel 
down  along  the  case  or  sticks.  For  no  sticking  the  viscous  drag  torque 
will  be  measured  as  a  change  in  both  vertical  and  horizontal  axis  unbal¬ 
ance.  However,  it  is  not  possible  to  ascertain  how  significant  this 
effect  is,  due  to  the  fact  that  the  viscous  drag  acts  in  the  vicinity  of 
the  float  corner,  and  not  on  a  plane  surface.  (At  the  TG  end  there  is  a 
shoulder  0.005  inch  wide,  upon  which  some  of  the  contaminants  could  end 
their  vertical  motion.  Their  subsequent  motion  along  this  surface  would 
contribute  to  the  unbalance  of  both  axes  by  the  float  pendulosity 
mechanism  (see  Reference  11) .  This  effect  could  be  expected  to  have  some 
significance.)  Note  that  TGD  can  also  explain  this  vertial  axis  unbalance 
change  (see  Section  7.3.1). 
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At  room  temperature  storage  bottled  CTFE  and  microscope  slides 
have  separated  into  clear  and  waxy  components.  This  might  indicate  a 
coagulation  or  flocculation  which  enables  larger  particles  to  form  and 
become  true  sedimenters .  Flocculation  has  been  observed  in  CTFE  samples 
stored  at  operating  temperature.  Thus  a  sedimentation  induced  separation 
of  the  fluid  itself  should  be  considered  a  GST  mechanism. 


PARTIAL  SEDIMENTERS 


The  behavior  of  elements  (contaminants  or  damping  fluid  constitu¬ 
ents)  which  partially  sediment  in  an  acceleration  field  is  described  in 
Reference  11.  Briefly,  in  equilibrium  and  assuming  no  bulk  flow,  a  con¬ 
centration  gradient  is  formed  in  the  g  direction  which  enables  diffusion 
to  counterbalance  the  sedimenting  force.  Therefore,  at  partial  sedimen¬ 
tation  equilibrium,  the  net  flow  is  zero  so  that  equation  (5.1)  becomes 


Another  way  of  expressing  zero  net  flow,  provided  density  variations  are 
assumed  negligible,  is  (see  Reference  14) 


As  a  first  approximation,  the  sedimenting  force  on  an  element  can 
be  equated  with  the  frictional  resistance  of  the  damping  fluid,  so  that 


where  0  is  taken  to  be  the  fluid  density.  Hence,  Equation  (5.5)  can  be 


Using  Einstein’s  relation  between  the  ordinary  diffusion 
coefficient  and  the  frictional  force,  f,  given  by  Reference  15 


Df 


RT 

N 


then  Equation  (5.7)  becomes 


(5.3) 


dc  i 


-  l 


0)  g  dx 


!  5.9) 


Assuming  that  V  and  0^  are  constant  then  this  can  be  integrated  to  give 
the  equilibrium  concentration  ratio 


(Cl) 

(c : ) 


xo 


P)  g  (xi 


x9) 


(5.10) 


'tote  that  the  concentration  ratio  is  independent  of  the  element  shape, 
.-'or  convenience  assume  the  shape  to  be  spherical  of  radius  a,  then 
values  of  the  ratio  of  ci  at  opposite  ends  of  the  TGG  damping  gap  are 
shown  m  Table  3  for  various  a  and  0  . 

D 


Table  3. 


Ratio  of  fractional  mass  equilibrium  concentration 
at  opposite  ends  of  the  TGG  damping  gap  (xi~xo  =  6 


(ci) 

cm) 


xi 


/(Cl 


‘P 

( ’PL/ce1) 

*  aucronai 

0.1 

0.5 

1.0 

1.5 

2.0 

3.0 

5.0 

10.0 

1.0 

mamma 

5  *  10“ 1 

XpprouMtfly 

mfiruu  concentration  ratio »  Trm  Sediaantcrs 

10*  ‘ 

1.49  -  10ifc 

5  ■  10"* 

BBS 

3.  IS  •  10*! 

!  5.7  •  10*’ 

9.  §  •  10  11 

59.1 

2  "  10* 1 

2.3  •  10” 

10- ■ 1 

2.?2 

2.18 

1.668 

1.27 

1.033 

1.78 

5.29 

80.2 

5  ■  10-’ 

1.13 

1.102 

1.066 

1.03 

1.004 

1.075 

1.23 

1.7) 

;o-’ 

1.001 

l . :ooe 

1.0005 

1.0002 

1.00003 

1.0006 

1.0017 

1.004 

5  •  10"* 

1.0001 

1.00009 

j  1 . 00006 

1.3000) 

1.000004 

1.0000? 

1.0002 

1 . 0005 

It  is  apparent  from  Table  3  that  spherical  elements  greater  than 
approximately  0.2  microns  in  sire  may  be  considered  true  sedimenters  for 
this  analysis. 

A  solution  of  the  one-dimensional  unsteady  partial  sedimentation 
equation  (Equation  (5.1))  is  presented  in  Appendix  A.  The  time  constant 
t,  for  equilibrium  partial  sedimentation  is  shown  to  be 

L2 

fcc  -  —  <5-l> 

Tl  D 

where  t^  is  the  time  constant  for  remixing  (uniform  dispersion)  by 
ordinary  diffusion.  This  time  constant  appears  again  in  Section  7. 

Values  of  t  are  shown  in  Table  4  for  various  values  of  D  and  L  =  6  cm. 

c 

Also  shown  are  radii  a  of  spherical  elements  in  CTFE  corresponding  to 
the  values  of  D.  These  are  calculated  vising  Einstein's  relation 
(Equation  (5.8) i  and  the  frictional  coefficient  of  spherical  elements. 

f  =  6 *  u  a  (5.12) 


Table  4.  Time  constants  for  equilibrium  partial  sedimentation  from  top 
to  bottom  of  TGG  damping  gap  (6  cm) . 


D  (cm  /s) 

t  a  (microns) 

c 

10"  5 

4.2  days  -10" 7 

10- s 

42.2  days  '10-5 

10"  7 

422.2  days  '10" 5 

10"  9 

115.7  years  'lO-3 

'  * 

10- 1  1 

c  »  1  -lO-1 

1 

o 

*  ■  4 

;  ®  j  -10 

Only  for  D  ;  10"5  does  the  value  of  t  correspond  to  observed  GST 

c 

time  constants.  However,  based  upon  the  assumption  of  sphericity,  the 
particle  size  is  too  small  to  exist  (since  a  hydrogen  atom  is  approxi¬ 
mately  10”4  microns) .  Since  partial  sedimenters  are  expected  to  be 
roughly  in  the  size  range  of  10” 3  microns  to  1  micron,  then  the  values 
of  D  should  be  roughly  in  the  range  of  10“ 1  to  10" 1  -  cm~/s.  This 
suggests  that  if  partial  sedimentation  is  occurring  (i.e.,  if  diffusion 
effects  and  sedimenting  effects  are  of  the  same  order  of  magnitude)  then 
the  time  constants  are  far  longer  than  currently  observed  for  GST. 

However,  it  should  be  noted  that  partial  sedimenters  may  still  cause 
1ST.  Although  motion  by  diffusion  is  very  slow,  the  density  variations 
may  induce  bulk  fluid  flows  which  are  discussed  in  Section  4. 

Equation  (5.12)  holds  provided  the  liquid  medium  is  continuous 
compared  with  the  element  dimension  (i.e..  Equation  (5.12)  is  not  accur¬ 
ate  for  elements  whose  sizes  are  comparable  to  or  less  than  those  of  the 
flotation  fluid  constituents) .  Since  CTFE  teloiners  are  approximately 
10" *  microns  in  size,  the  majority  of  elements  in  the  partial  sedimenter 
size  ranqe  satisfy  the  criterion  for  Equation  (5.12)  to  hold.  A  seiu- 
empirical  method  for  obtaining  a  second  estimate  of  D  is  offered.  In  water, 
a  substance  for  which  much  data  exists,  particle  diameters  of  10  *  microns 

give  D  of  the  order  of  1)  '.  For  CTFE  having  3000  times  the  viscosity  of 

—8 

water,  a  linear  relation  such  as  Equation  (3.3)  gives  D  in  the  10  to 

-9  2 

10  cm  s  range.  However,  since  the  actual  element  shapes  are  unknown, 
it  is  not  feasible  to  discount  completely  the  higher  values  of  0  (-10  '"*)  . 

5.4  ADDITIONAL  OBSERVATIONS 

The  projections  of  Section  5.1  through  5.3  have  been  based  on  parti¬ 
cles  moving  across  the  float,  a  distance  of  several  inches.  The  sedimenta¬ 
tion  equations  suggest  that  particle  motion  across  the  damping  gap,  a  dis¬ 
tance  of  C.005  inch,  is  also  possible.  Because  of  the  short  distances, 
the  cross-gap  motion  should  result  in  faster  decay  time  constants.  As 
detailed  m  Reference  4,  the  fast  transients  could  explain  discrepancies 
in  test  lata  which  ria-'e  been  observed  in  gyro  tumble  tests. 
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SECTION  6 


FLUID  STRIPPING  AND  CENTRIFUGE  CONDITIONING 


6.1  INTRODUCTION 

The  phenomenon  of  fluid  stripping  is  described  in  Reference  1  as 
fol lows : 

During  the  filling  of  an  instrument,  a  partial  vacuum  is 
drawn  on  the  rising  fluid  filling  an  instrument.  This 
procedure  produces  fluid  stripping  such  that  lighter  vis¬ 
cosity  telomers  of  the  damping  fluid  are  preferentially 
removed  from  the  upper  regions  of  the  fluid.  The  result 
is  a  built-in  density  gradient  in  the  damping  fluid  along 
the  vertical  axis  of  filling. 

A  solution  to  this  problem  was  proposed  in  Reference  15.  Briefly, 
a  fill  process  performed  quickly  in  a  cool,  moderate  vacuum  environment 
greatly  reduces  built-in  fluid  density  gradients.  A  further  reduction 
is  achieved  by  centrifuging  the  instrument.  This  reduction  is  assumed 
to  be  due  to  remixing  and  diffusion.  The  analysis  presented  below 
suggests  that  ordinary  diffusion  across  the  gap  coupled  with  bulk  flow 
is  the  primary  centrifuge  conditioning  mechanism. 

6.2  DIFFUSION  DURING  CENTRIFUGE  CONDITIONING 

During  centrifuge  conditioning  a  parabolic  flow  will  occur  due 
to  the  built-in  fluid  density  gradients.  This  parabolic  flow  is  shown 
in  Figure  7.  Across  the  interface  of  the  parabolic  flow  there  is  a  con¬ 
centration  gradient  of  fluid  constituents.  Hence  it  is  feasible  that 
diffusion  across  the  interface  is  the  homogenizing  mechanism. 
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Figure  7,  Parabolic  bulk  flow  and  diffusion 
during  centrifuge  conditioning. 


Vhe  mean  of  the  square  of  a  molecular  displacement  in  a  particu¬ 
lar  direction  x  ~  is  related  to  the  diffusion  coefficient  by  (heference 
11)  (equivalent  to  solving  (3.3)  and  (3.4)  with  zero  barycentric 
velocity) :  _ 

D  ’  TT  (6.1) 


where  t  is  the  time  between  successive  observations  of  the  x  coordinate. 
For  given  values  of  D,  values  of  t  in  the  TGG  damping  and  end  gaps  are 
shown  in  Table  5.  Note  that  this  is  independent  of  g. 

Table  5.  Time  of  ordinary  diffusion  across  TOG  damping  and  end  gaps. 


Time 

D 

Damping  dap 
x  -  0.0107  '2 

l  - - 

SO  End  dap 
x  »  0 .0508  2 

- 

TG  End  Gap 
x  -  0.0635/2 

10~5 

2.0  s 

32.  3  s 

50.5  s 

o 

1 

a. 

20.2  s 

322.6  s 

504.7  s 

io~ 7 

201.6  s 

0.9  h 

1.4  h 

10-  3 

- — 

0.6  h 

— 

3.9  :i 

14,0  h 

10"* 

5.6  h 

3.7  d 

5.8  d 

10-10 

2.3  d 

37.3  J 

58.4  d 

10-11 

23.3  d 

_ 

373.3  d 

584.1  d  j 

10-  W 

233.0  d 

10.2  y 

- - md 

16.0  y 

Gyroscope  centnfuqe  conditioning,  which  lasts  typically  for 
several  cycles  of  approximate ly  2  weeks  each  at  between  10  and  40g,  has 
not  always  been  successful  in  reducing  GST  bound  magnitudes.  An  inves¬ 
tigation  of  centrifuge  conditioning  of  the  I'GG  at  13g  for  cycles  of  15 
to  10  days  is  presented  in  Reference  3.  The  bound  magnitude  was  shown  to 
be  attenuated  by  only  approximately  13  percent  over  130  g  days  by  the 
conditioning.  Based  upon  the  remixing  theory  above,  tins  would  imply 
that  D  vs  of  tlie  order  of  10  l*.  The  residual  unbalance  after  condition¬ 
ing  is  presumably  caused  by  sedimenting  contaminants  or  TGD.  It  is  also 
possible  that  the  CTFE  constituents  are  sedimenting  in  the  centrifuge, 
but  there  is  insufficient  evidence  at  present  to  enable  more  than  specu¬ 
lation  . 

More  spectacular  results  have  been  obtained  from  size- 16  PIGA 
centrifuge  conditioning,  where  attenuations  of  an  order  of  magnitude 
have  been  achieved  at  40g  for  3  days  (see  Reference  le)  .  Tins  success 
waa  c  result  of  the  very  high  initial  bound  magnitude,  due  to  fluid 
stripping  item  the  drip  fill  process,  winch  was  greatly  attenuated  by 
remixing.  Changing  to  a  bathtub  fill  reduced  the  initial  bound  magnitude, 
however,  centrifuging  achieved  the  same  residuals,  as  the  drip  fill  units. 
Accounting  for  the  PIGA's  smaller  size  compared  to  the  TGG,  the  residual 
1ST  in  the  two  devices  are  similar  in  magnitudes. 

If  the  effect  of  diffusion  is  neglected  then  the  parabolic  bulk 
flow  will  tend  to  have  a  remixing  effect  similar  to  that  of  Figure  3(b). 
However,  this  alone  cannot  account  for  centrifuge  conditioning  since  a 
flow  reversal  would  be  associated  with  a  g  reversal,  so  that  the  density 
gradient  would  reappear  at  some  later  time.  Tins  is  not  observed  in 
test  data,  although  a  certain  amount  of  increased  unbalance  with  time 
has  occasionally  been  observed,  but  this  is  more  likely  to  be  generated 
contamination  in  the  fluid. 
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SECTION  7 


THERMOGRAVITATIONAL  DIFFUSION  (TGD) 


7.1 


INTRODUCTION 


The  heat  flowing  outwards  from  the  gyro  wheel  produces  a  tempera¬ 
ture  gradient  across  the  fluid  in  the  damping  and  end  gaps.  Fluid  con¬ 
vection,  up  the  sides  of  the  hotter  float  and  down  the  sides  of  the 
cooler  case,  occurs.  Furthermore,  due  to  the  temperature  gradient, 
thermal  diffusion  across  the  gaps  (parallel  or  anti-parallel  to  the 
temperature  gradient)  may  occur.  Thermal  diffusion  results  in  a  deple¬ 
tion  of  an  element  type  in  one  of  the  convective  streams  and  an  enrich¬ 
ment  in  the  other.  Generally,  molecules  lighter  than  the  average  thermally 
diffuse  toward  the  upward  moving  hot  convection  stream,  and  those  heavier 
than  average  toward  the  downward  moving  stream.  The  convection  streams 
carry  the  depleted  and  enriched  species  in  opposite  directions,  thereby 
producing  a  density  gradient  along  the  g  direction.  This  is  shown 
occurring  in  the  damping  gap  in  Figures  8(a)  and  8(b). 


CASE 

(COOL) 


(a)  ORDINARY  CONVECTION  (b)  THERMAL  DIFFUSION  EFFECT 

Figure  8.  Mechanism  of  thermogravitational  diffusion  (TGD) . 
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Small  size  (less  than  approximately  10“ 3  microns)  soluble  and 
insoluble  contaminants  and  some  of  the  telomers  of  a  multiple  telomer 
flotation  fluid  are  susceptible  to  this  thermal  diffusion  phenomenon. 
These  elements  would  generally  be  the  non-sedimenters  of  Section  5,  but 
may  include  the  smaller  less  dense  partial  sedimenters. 

The  current  TGG  flotation  fluid  (CTFE)  consists  of  several  telo¬ 
mers,  and  can  be  expected  to  include  a  certain  level  of  contamination 
when  in  the  instrument.  The  complexity  of  analyzing  multiple  component 
fluids  has  restricted  the  solution  to  two  component  (binary)  fluids  (see 
Section  3) .  Since  only  non-sedimenters  and  the  smaller  and  less  dense 
partial  sedimenters  are  susceptible  to  thermal  diffusion,  neglecting  the 
sedimenting  term  in  Equation  (3.4)  leads  to 

/  aClc2  \ 

J.1  -  PD  ^7Cl - - -  ?Ty  (7.1) 

This  equation  needs  to  be  solved  simultaneously  with  the  bulk  flow 
convection,  from  Equation  (3.1). 

Float  torque  production  is  due  to  bulk  flow  driven  by  the  density 
gradient  formed  by  TGD. 

7.2  APPLICATION  OF  THERMAL  DIFFUSION  COLUMN  THEORY 

The  theory  of  TGD  in  a  thermal  diffusion  (TD)  column  has  been 
well  developed  for  oinary  fluids.  There  is  much  literature  available  on 
TD  columns  (see  Bibliography,  Reference  7) ,  but  the  classical  source  is 
Reference  17.  In  applying  classical  TD  column  theory  to  the  gyroscope 
the  problem  of  geometry  difference  arises.  The  TD  column  comprises  two 
roncentric  cylinders,  several  feet  long,  but  only  a  small  distance 
(typically  0.010  in.)  apart  radially,  and  whose  axis  of  symmetry  is 
vertical.  This  contrasts  with  the  gyro  situation  whose  output  axis  is 
horizontal  during  maximum  GST  effects  and  whose  diameter  is  comparable 
to  its  length. 


7.2.1  Cartesian  Solution  of  the  Unsteady  Transport  Equation 


The  analysis  of  Reference  17  assumes  that  there  are  no  circum¬ 
ferential  variations  of  the  TO  column.  Hus  is  equivalent  to  unrolling 
the  TD  column  about  the  axis  of  symmetry  (see  Figure  9(a)).  Application 

to  the  gyro  damping  gap  is  equivalent  to  halving  the  gyro  through  the 

vertical  plane  and  unrolling  both  halves  about  OA  (see  Figure  9(b)). 
Application  to  the  end  gap  is  a  cruder  unrolling  as  shown  in  Figure  9(c) . 
However,  the  end  gap  approximation  may  not  be  as  inaccurate  as  initially 
appears.  Hie  fluid  radial  temperature  gradient  from  float  rotor  to 
float  OD  is  approximately  1°F,  whereas  the  axial  temperature  gradient 
across  the  end  gap  is  approximately  10° F.  Hence  the  dominant  convection 

path  travels  up  the  float  end  plate  and  down  the  end  housing.  Only  sec¬ 

ondary  convection  effects,  due  to  the  radial  temperature  gradient,  pull 
the  dominant  path  in  a  horizontal  direction.  Thus  the  major  concentra¬ 
tion  difference  is  developed  vertically  as  indicated  in  Figure  10. 

The  assumptions  made  in  Reference  17  are  that  the  temperature 
dependence  of  o,  u,  and  D  can  be  neglected,  except  that  in  the  computa¬ 
tion  of  the  oulk  convection  velocity  the  density  variation  of  o  across 
the  annulus  is  represented  as  a  linear  function  of  the  assumed  linear 
temperature  gradient  across  the  annulus.  A  schematized  model  of  the 
convection  process  is  used.  In  this  model  the  unrolled  upward  moving 
(hotter)  and  the  downward  moving  (cooler)  convection  streams  are  assumed 
to  have  equal  and  opposite  constant  mean  velocities.  The  total  transport 
of  fluid  up  the  annulus  is  thus  zero.  However,  if  the  average  value  of 
ci  (say)  is  larger  in  the  hotter  stream  than  in  the  cooler,  there  will 
be  a  net  transport  of  ci  up  the  tube. 

Reference  17  calculates  the  transport  of  species  1  of  a  binary 
fluid  in  terms  of  the  fractional  molar  concentration .  However,  since 
the  density  a  is  assumed  constant  along  the  length  of  the  tube  (i.e.,  is 
independent  of  z)  then  the  fractional  molar  concentrations  in  the  analysis 
of  Reference  17  can  be  replaced  by  the  mass  fractions.  Thus,  from  Refer¬ 
ence  17,  the  transport  equation  for  the  mass  fraction  c;,  of  species  1, 
in  a  binary  fluid,  is 
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(a)  UNROLLED  TO  COLUMN 


(b)  UNROLLED  GYRO  DAMPING  GAP 


(c)  UNROLLED  GYRO  END  GAP 

Fiqure  9.  Application  of  classical  TD  column  theory  to  a  qyro. 


The  three  terms  H,  K  and  K.  Jill  have  simple  physical  mtorpreta- 
c  a 

tions.  H  represents  the  contribution  to  the  transport  by  thermal  diffu¬ 
sion,  K  represents  a  remixing  effect  resulting  from  convection  which 
c 

tanas  to  neutralize  any  concentration  gradient  along  the  tube,  and  K  ^ 
represents  the  remixing  effect  due  to  ordinary  diffusion  along  the  tube. 
The  small  transverse  variation  of  has  been  taken  into  account  by  the 

coefficients  H  and  K  . 

c 

The  unsteady  transport  equation  is 


m 


'C1 

IT 


)2-’ 


(7.7) 


which  has  been  solved  in  Reference  17  for  the  case  ll-cj)  5  1.  This 
restriction  is  equivalent  to  the  case  of  a  dilute  solution,  or  analogous 
to  the  presence  of  a  small  amount  of  contaminant  in  a  uni-molecular  fluid. 
The  boundary  conditions  for  Equation  (7,"M  are 

f i  —  0  at  z  »  0  and  z  «  L  (7.8) 

and  Tj  -  Hcij  at  t  -  0  (7.9) 

where  cj;  is  the  initial  constant  concent  ration  of  species  1. 

The  s'eady  state  solution  of  Equation  (7.7)  is 


ci (», z) 

'-'lO 


(’.10) 


where 


A  -  H/7K 


l  7  .  HI 


4 


Since  AL  is  always  rather  small  in  a  gyroscope  then 


e'AL  ;  1  *  2AL  ♦  2(AL) 2 


(7.12) 


Therefore,  Equation  (7.10)  becomes  for  z  -  0  and  z  -  L  respectively 


Ci  (->,0)  Ci  ('“.L) 

C  1  -  AL,  - - -  :  1  +  AL 


c10 


c  10 


(7.13) 


If  ci  is  expressed  as  cm  +  Aci  where  Ac  i  =  Aci(t.z)  is  change  in 
concentration,  then  for  z  ■  0  and  z  *  L  respectively 


Ac  i  (■*,()) 


cio 


-AL 


Ac  i  (*,  L) 
CIO 


-  Ah 


(7.14) 


For  small  AL,  the  characteristic  time  t  of  the  first  mode  of  the 

c 

solution  of  Equation  (7.7)  is  shown  in  Reference  17  to  be 


t  - 

c 


( 1  +  *  /(AL) 2) 


(7.15) 


AH 


In  the  TGd  end  and  damping  gaps  n‘/(AL)'  >>  1  so  that 


mL~ 


(K  +  K  )  !T2 
C  a 


(7.1b) 


Stipulating  that  1-Ci  :  1  is  unnecessarily  restrictive.  If  ci 
is  again  expressed  as  cm  +  i  then  Equation  (7.7)  becomes 


3t  tAc») 
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-H  (l-2cm>  ( Ac  i )  *  K  — -  ( Ac  i )  (7.17) 

3z2 
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where  second  order  terms  in  Acj  have  been  neglected.  Equation  (7.17)  has 
the  same  form  as  Equation  (7.7)  apart  from  the  first  coefficient  on  the 
right  hand  side,  and  the  boundary  condition.  Equation  (7.9)  now  becomes 

Tj  =  He iQ  ( 1-c  io )  at  t  »  0  (7.18) 

Equation  (7.17)  has  been  solved  in  Appendix  B  using  the  method  of 
References  18  and  19.  The  steady-state  solutions  for  small  AL  at  the  top 
and  bottom  of  the  column  respectively,  are 


Ac  i  (*,  L)  Acj  («’,0) 

-  1  A  ( l~c  j  3 )  L  ,  -  =  -A(l-ci0)L  (7.19) 

=10  =10 


and  the  time  constant  t  for  small  AX,  is 

c 


(K  ♦  K  )  n2 
c  d 


(7.20) 


which  is  identical  to  Equation  (7.16). 

It  is  no  longer  necessary  for  Cj  to  be  small  for  Equations  (7.19) 
and  (7.20)  (or  in  fact  (7.16))  to  hold,  although  the  change  Ac^  must  be 
small  enough  that  terms  in  (Ac^)'  can  be  neglected. 

Note  that  Equation  (7.19)  reverts  to  (7.14)  for  very  small  cio- 

Values  of  the  steady-state  concentration  values  predicted  by 
Equation  (7.14)  are  shown  versus  D  in  Figures  11  and  12,  for  the  TGG 
damping  and  end  gaps  respectively.  (The  unrolled  paths  of  Figure  9  are 
used  in  the  calculations) .  The  difference  between  the  SG  and  TG  end  gap 
predictions  are  due  to  the  different  gap  widths  (SG  ~  0.020  in.,  TG  - 
0.025  in.).  Note  that  Equations  (7.7)  and  (7.14)  are  independent  of  3 
(the  horizontal  dimension).  Values  of  Ac^/cjg  from  Equation  (7.19)  can 
be  found  by  multiplying  by  the  factor  (1  -  c i q ) . 
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Kd  DOMINANT 


Ac |  (°°,L)  -  Ac,  (°°,0) 
C|  o 


(=  2  AL) 


Steady-state  concentration  difference  due  to  TGD 
in  TGG  damping  gap. 
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Referring  to  Figure  11,  for  values  of  D  r  10"9  cm2/s,  K  and  K 

c  d 

are  of  the  same  order.  However,  for  the  values  of  D  <  10“9,  K  is  negli- 

d 

gible  compared  with  (i.e.,  convection  dominates  the  remixing  process), 

and  for  values  of  D  >  10“9,  K  is  negligible  compared  with  K  (i.e., 

c  d 

ordinary  diffusion  along  the  convection  path  dominates  the  remixing 

process) .  As  shown  in  Figure  11,  the  concentration  difference  has 

different  parametral  functions  depending  upon  whether  or  is 

dominant.  Figure  12,  in  the  end  gaps,  shows  similar  features,  except 

that  K  and  K,  are  of  the  same  order  for  D  ;  10“'  cm2/s. 
c  d 

Values  of  t^  from  Equation  (7.16)  (or  (7.20))  are  shown  in  Figures 

13  and  14  for  the  TGG  damping  and  end  gaps  respectively.  Mote  that  t  is 

c 

indeoendent  of  3  and  a  (for  small  AL) .  These  values  of  t  also  hold 

c 

when  Ci  is  no  longer  small. 


In  the  damping  gap  (Figure  13) ,  the  relative  orders  of  magnitude 

of  K  and  K,  are  the  same  as  discussed  for  Figure  11.  The  same  is  true 
c  d 

for  the  end  gaps  (Figures  14  and  12) .  Depending  upon  which  of  K  or  K, 

c  d 

is  dominant,  t  will  have  different  dependencies  upon  the  parameters, 
c 

The  dependencies  are  shown  in  Figures  13  and  14. 


The  problem  of  selecting  D  again  arises.  Based  on  the  observed 
TGG  time  constants  for  GST,  the  results  of  Figures  14  and  .15  indicate 
that  in  the  damping  gap  D  ;  10“5  and/or  D  ;  10"13,  and  in  the  end  gaps 
D  _  10“5  and/or  D  t  10“9.  Reiterating  the  discussion  of  Section  5.3  for 
spherical  elements  indicates  that  for  D  =  10” 5  the  elements  are  too  small 
to  exist,  and  for  D  =  10“ 1 3  the  element  radius  is  approximately  10  microns 
which  is  too  large  to  be  affected  by  diffusion  process.  For  D  =  10”9 
tne  element  radius  is  approximately  10“ 3  microns,  which  is  highly  feasible 
Since  CTFE  telomer  sizes  are  of  the  order  of  10“ 3  microns,  this  suggests 
that  thermally  diffusing  fluid  telomers,  in  the  end  gap  are  a  highly 
probable  source  of  GST. 


The  discussion  of  the  dominant  convection  paths  in  the  end  gap, 
at  the  beginning  of  this  section  (see  Figure  10) ,  indicates  that  TGD  in 
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the  end  gaps  can  explain  the  phenomenon  of  only  vortical  axis  unbalance 
change  after  a  90  storage  reorientation  (see  Section  2) .  The  explanation 
is  simply  that  since  the  dominant  convection  path  is  vertical,  the  ma  ior 
concentration  difference  is  developed  vertically  with  only  a  negligible 
horizontal  axis  concentration  gradient  being  formed. 

7.2.2  Polar  Solution  of  tile  Unsteady  Transport  Equation 

A  closer  approximation  to  the  cylindrical  gap  between  float  and 
case  has  been  solved  in  Reference  20.  The  use  of  cylindrical  polar  coor¬ 
dinates  obviates  the  need  to  unroll  the  float  (Figure  9(b)).  Die  cylin¬ 
drical  solution  is 


C[(9.t) 


c  10 


a  AT  gtfa(AT)  ~w-r 

—  —  t  - — -  sin 

IV  45nTD 


(7.21) 


Hence,  the  steady-state  concentration  difference  between  top  and  bottom 
of  the  cylindrical  gap  is 


ci  ( ff/2, ") 


2gt>a  (AT)  -w  r 
■ISl.TD 


(7.22) 


and  the  time  constant  is 


t 

c 


(7.23) 


This  time  constant  is  the  same  as  that  given  in  Equation  (5.11)  for 
dispersion  by  ordinary  diffusion.  This  is  because  the  remixing  effect 
due  to  the  convection  currents  has  been  neglected  in  the  derivation  of 
Equation  (7.21).  (Note  that  the  convective  remixing  effect  is  incor¬ 
porated  into  the  cartesian  analysis  by  K __  (Equation  (7.5)1,  which  if 
neglected,  reduces  the  time  constants  of  Equation  (7.16)  to  that  of 
Equation  (7.23)).  Hence  the  solutions  given  by  Equations  (7.22)  and 


(7.23)  are  only  valid  for  values  of  D  such  that  remixing  by  ordinary 
diffusion  dominates.  The  results  of  Section  7.2.1  indicate  that  this  is 
so  at  the  higher  values  of  D  which,  by  Einstein's  equation,  implies 
elements  too  small  to  exist.  The  polar  analysis  of  Reference  20  may  thus 
be  unrealistic. 

For  D  »  10"'',  Equation  (7.22)  predicts  steady-state  concentration 
differences  of  2.74  a  <  10" 1 ,  5.4  «,  and  8.4  a  in  the  damping,  SG,  and 
TG  end  gaps  respectively,  and  Equation  (7.23)  predicts  time  constants  of 
590  days  and  370  days  in  the  damping  and  end  gaps  respectively. 

7.2.3  Additional  Comments  on  TCP 

An  indication  of  the  likely  significance  of  TGD  can  be  determined 
from  the  height  h,  an  element  travels  along  the  convection  path,  while 
thermally  diffusing  in  the  direction  of  the  temperature  gradient.  Using 
the  average  convection  fluid  velocity  v  resulting  from  the  linear  tempera¬ 
ture  gradient  AT  across  the  gap 


(7.22) 


then  h  is  given  in  Reference  21  by 


( 7 . 25 ) 


If  thermal  diffusion  is  slow  compared  with  convection  then  a  will 
be  large  compared  with  the  total  height  of  the  convection  path,  so  that 
TGD  will  be  unlikely  to  produce  a  density  gradient  (Figure  15(a)). 
However,  if  thermal  diffusion  is  fast  compared  with  convection  then  h  is 
small  compared  with  the  convection  path  height.  Hence  the  enrichment  and 
depletion  of  elements  in  the  convection  streams  can  occur,  and  TGD  can 
produce  a  density  gradient  (Figure  15(b)). 
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(a)  THERMAL  DIFFUSION  SLOW 
COMPARED  WITH  CONVECTION 


(b)  THERMAL  DIFFUSION  FAST 
COMPARED  WITH  CONVECTION 


Figure  15.  Relative  importance  of  thermal  diffusion  and  convection. 


Knowledge  of  the  thermal  diffusion  factor  DT  is  required  for 
accurate  calculation  of  h.  In  the  TGG  values  of  h  less  than  the  convec¬ 
tion  path  height  (;  6  cm)  occur  for  Dt  >  7.1  x  10“  13  cm3/(s-°F)  in  the 
damping  gap,  and  Dt  >  1.8  x  10“ 10  cm2/(s-°F)  in  the  end  gap.  Values  of 
are  expected  to  be  well  in  the  range  where  TGD  is  important.  More 
generally,  the  fact  that  viscosity  is  in  the  denominator  of  Equation 
(7.25)  implies  that  effective  separation  is  extremely  likely  in  high 
viscosity  fluids,  such  as  CTFE . 

If  effective  separation  is  feasible,  it  is  interesting  to  note 
that  concentration  gradient  increase  initially  as  the  square  root  of 
the  time  (see  Reference  17) .  This  means  that  for  a  time-to-bound  of 
100  days,  a  period  of  operation  as  short  as  1  day  will  have  produced 
one  tenth  of  the  equilibrium  concentration  difference.  Furthermore, 
this  initial  rise  is  independent  of  the  column  length,  since  the  rapid 
increase  in  the  concentration  difference  occurs  only  over  a  small  length 
near  each  end.  Torques  arising  from  bulk  fluid  motion  may  be  signifi¬ 
cant  well  before  the  equilibrium  concentration  difference  has  been 
attained. 


7.3 


CONCLUDING  REMARKS  ON  TGD  MODELING 


The  application  of  classical  thermal  diffusion  column  theory  to  the 
gyroscope  introduces  approximations  of  geometry  and  fluid  constituent  simpl 
fication.  The  errors  arising  from  these  approximations  are  uncertain. 
However,  a  general  indication  of  the  effects  of  TGD  and  order  of  magni¬ 
tude  predictions  can  be  expected.  The  primary  prediction  uncertainty  is 
the  lack  of  known  values  for  the  diffusion  coefficient  D  and  factor  a. 

It  is  not  possible  to  determine  accurate  values  of  D  and  a  for  multicom¬ 
ponent  fluids,  so  that  reasonable  estimates  must  be  used.  TGD  does 
satisfy  all  the  signature  characteristics  (Section  2)  of  GST  where 
applicable.  TGD  is  not  applicable  to  characteristics  4  and  5  since  cen¬ 
trifuging  is  performed  with  wheel-off,  so  that  a  temperature  gradient 
does  not  exist. 

The  theory  presented  above  is  restricted  to  solutions  for  a  very 
small  concentration  level  (Equations  (7.14)  and  (7.16)),  or  for  a  very 
small  concentration  change  (Equations  (7.19)  and  (7.20)).  An  extension 
of  the  theory  to  unrestricted  concentration  levels  and  differences 
(binary  fluid)  has  been  developed  using  a  finite  difference  and  matrix 
exponential  numerical  solution  of  Equation  (7.7).  Preliminary  results 
concerning  tne  concentration  change  with  time  after  a  180'  reorientation 
were  presented  in  Reference  7.  This  analysis  is  being  incorporated  into 
a  more  complete  numerical  model  including  time  dependent  bulk  mass  trans¬ 
port. 

It  should  be  noted  that  in  certain  cases,  where  similarity  of 
molecular  masses  occurs,  it  is  possible  for  the  heavier  molecules  to 
thermally  diffuse  into  the  warm  upward  moving  convection  stream,  and  for 
lighter  ones  to  diffuse  into  the  colder  stream.  Initially  then,  the 
heavier  molecules  collect  above  the  lighter  ones.  This  is  unstable  and 
eventually  the  flow  direction  is  reversed  so  that  the  heavier  molecules 
finally  collect  at  the  bottom.  This  behavior  is  termed  the  forgotten 


effect.  The  forgotten  effect  is  discernible  in  a  thermal  diffusion 
column,  but  modeling  its  effect  in  a  gyro  is  complicated,  and  has  not 
yet  been  attempted. 


SECTION  8 


CONCLUSIONS  AND  RECOMMLNDATIONS 


8.1  CONCLUSIONS 

The  analyses  performed  herein  indicate  that  the  CTFE  or  BTFE 
telomers  and/or  contaminants  are  highly  probable  candidates  for  the 
source  of  Gravity  Sensitive  Trending  (GST) .  The  analyses  are  based  on 
the  continuity,  Navier-Stokes ,  diffusion,  and  constitutive  relations  for 
a  two  component  fluid.  The  two  component  assumption,  the  omission  of 
flocculation  and  electric  charge  effects,  the  uncertainty  in  present 
knowledge  of  diffusion  coefficients  for  the  flotation  fluids,  difficulty 
in  modeling  the  transition  from  sedimentation  to  precipitation,  and  the 
simplifications  required  to  obtain  closed  form  solutions  limit  the 
quantitative  accuracy  of  the  results,  but  should  permit  order  of  magni¬ 
tude  estimation. 

Sedimentation  of  contaminants  and  of  fluid  components  within  the 
fluid  and  thermogravitational  diffusion  (TGD)  can  establish  density  vari¬ 
ations  and  transfer  the  position  of  effective  mass  unbalances.  As 
summarized  in  Table  6  which  tabulates  the  applicability  of  various  models 
in  describing  observed  phenomena,  sedimentation  can  explain  many  of  the 
experimental  observations.  Also,  CTFE  has  been  observed  to  sediment 
and  separate  in  bottled  samples  and  in  glass  slides,  and  to  flocculate 
at  operating  temperatures. 
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Tab  1  c:  6.  A|>i«l  icabi  1 1  tv  of  speculated  mecbanisini. . 


Calculations  of  time  constants  and  comparisons  with  the  thermal 
diffusion  column  indicate  that  TGD  is  occurring  in  the  end  regions  of 
the  gyro  rather  than  in  the  annulus.  Because  of  the  narrower  gap  in  the 
annulus,  convective  remixing  is  less  important  than  in  the  end  regions, 
the  effect  which  accounts  for  the  different  time  constants. 

Bulk  flow  of  the  fluid  produces  the  GST  torques  which  are  sensed 
by  the  float  and  transfers  the  effective  mass  position.  If  a  density 
gradient  exists,  specific  force  will  cause  the  fluid  to  flow.  The 
resulting  shear  causes  the  torques  sensed  by  the  gyroscope  which  are 
interpreted  as  GST.  Early  models  (both  phenomena  understanding  and 
system  evaluation)  of  GST  focused  upon  this  bulk  fluid  motion  and  are 
reflected  by  two  entries  in  Table  6,  which  assume  density  distributions 
without  considering  their  origins  and  proceed  to  solve  the  Navier-Stokes 
and  fluid  continuity  equations.  Assuming  that  the  effective  mass  is  not 
near  the  top  of  the  float,  and  that  the  effective  mass  results  in  an 
unbalance  change  of  1  meru  (zero  to  peak)  results  in  time  constants  of 
27  days  for  the  ends  and  833  days  for  the  cylindrical  annulus.  These 
time  constants  emphasize  the  importance  of  the  previously  neglected  end 
regions.  Because  of  the  complicated  flow  patterns  which  are  expected 
when  the  effective  mass  is  near  the  top  of  the  float,  the  simple  models 
such  as  the  linear  density  gradient  and  the  migrating  mass  unbalance  must 
be  modified  to  describe  the  180  degree  storage  reversal. 

Ordinary  diffusion  homogenizes  the  fluid  because  of  the  random 
motion  of  the  particles.  If  bulk  motion  is  neglected,  the  time  required 
for  a  particle  to  diffuse  across  the  float  is  very  long  because  of  the  high 
fluid  viscosity.  With  bulk  motion,  diffusion  is  important  because  the 
particle  must  only  cross  the  damping  gap  rather  than  the  float,  a  possi¬ 
ble  explanation  of  the  success  of  PIGA  centrifuging. 


The  discussed  ases  and  the  experimental  observations  indicate 
that  several  signatures  with  widely  different  time  constants  ire 
possible  and  are  observed.  The  numerous  phenomena  and  their  dependence 
on  prior  histones  make  the  use  of  simple  models  such  as  the  single  mass 
models  of  References  1  through  3  and  3  through  10  tenuous  for  evaluating 
system  performance  revaluation  implies  use  in  a  simulation) .  Becausi  of 
the  distributed  nature  of  the  sedimentation  and  the  complex  gyro  float- 
to-case  geometry,  it  is  unlikely  that  GST  can  be  modeled  and  compensated 
in  system  use. 

The  conclusion  that  multiple  telomers  and,  or  contamination  cause 
GST  has  been  strengthened  by  performance  improvements  in  T.Gi,  in  the 
Pendulous  Integrating  Gyroscopic  Accelerometers  (PIGAs)  at  CSDL,  and  in 
CSDL’s  gravity  gradiometer.  The  importance  of  liquid  and  solid  contaminants 
has  been  strengthened  by  slide  observations  at  CSDL  while  the  contribution 
of  dissolved  gases  is  considered  small  because  of  considerations  of  float 
gas  leakage  (see  Reference  34). 

Northrop  Precision  Products  Division  tPPD)  has  filled  a  TGG  with 
a  narrow  cut  of  CTFE  obtained  by  distillation  of  the  original  fluid  which 
had  been  used  in  other  TGGs .  In  GST  testing  in  a  1-gravity  field,  this 
unit  has  shown  one  to  two  orders  of  magnitude  improvement  over  previous 
units. 

CSDL  has  constructed  and  tested  several  PIGAs  which  have 
demonstrated  very  low  trending  in  absolute  terms  and  when  converted  to 
the  larger  TGG  float  sice  and  angular  moment-um.  The  PIG  (Pendulous 
Integrating  Gyro)  is  filled  with  BTFE,  a  multiple  telomer  which  is 
considered  similar  to  CTFE  because  of  its  polytelomer ic  nature.  The 
improved  performance  of  this  device  is  attributed  to  the  great  care  given 
to  cleaning  and  qualifying  the  gyro  parts  and  fill  apparatus  used  in  "he 
PIG  construction. 
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The  fact  that  PIGs  were  improved  by  cleaning  and  TGGs  by  fluid 
change  underline  the  contributions  of  at  least  two  mechanisms  to  GST. 


"C 


At  CSDL,  improvements  in  the  gravity  gradiometer  trending  were 
realized  by  improved  cleaning  and  inspection  (see  Reference  25) .  The 
gradiometer  is  filled  with  monomolecular  Freon  (with  the  exception  of 
isotopes)  which  also  reduces  the  opportunity  of  contamination  since 
the  Freon  is  also  used  as  a  final  cleaning  agent. 

As  described  in  Section  5,  contaminants  can  affect  GST  differently 
depending  on  whether  they  are  true,  partial,  or  nonsedimenters.  A 
qualitative  test  was  run  in  which  liquid  contaminants  such  as  Freon, 
acetone,  water,  food-colored  water,  tr ichloroethane ,  and  hydrocarbons 
were  dropped  between  glass  slides  separated  by  0.010  inch  and  filled 
with  CTFE,  the  TGG  fill  fluid.  Since  CTFE  becomes  waxy  at  room  tempera¬ 
ture,  a  microscope  and  nearly  cross-polarized  light  could  be  used  to 
observe  the  contaminant  migration.  In  storage  at  room  and  gyro  operating 
temperatures,  the  contaminants  were  observed  to  sediment  with  little 
diffusion;  thus,  these  contaminants  could  be  classified  as  true  sedimenters 
and  are  suspected  GST  candidates.  Contaminants  in  significant  quantities 
are  measured  in  instrument  fill  and  teardown  samples. 

The  hydrogen  and  helium  which  fill  the  gyro  floats  have  been 
measured  to  leak  at  substantial  rates  (see  Reference  24).  The  fact 
that  PIGAs  and  narrow-cut  TGGs  show  only  small  GST  in  the  presence 
of  the  gases  indicates  that  certain  gases  can  be  classified  as  'nonsedi- 
menting  or  easily  diffusing.  Thus,  one  may  conclude  that  testing  must 
be  performed  (see  Section  9.2,  Recommendations)  to  categorize  a  fluid 
and  possible  contaminants  to  establish  acceptable  limits  for  contaminants . 

9 . 2  RECOMMENDATIONS 

Based  on  the  aforementioned  analysis  and  conclusions,  the  following 
are  recommended  or  have  been  implemented: 
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tl)  Continue  testing  and  build  of  TGGs  filled  with  narrow  cut 
fluid.  One  unit  has  been  extensively  tested  for  GST. 

Additional  units  should  be  constructed  and  tested  to  expand 
the  data  base  and  improve  confidence. 

i 2 )  Distillation  fi^l  MX  units  with  monomolecular  fluid.  The 
monomolecular  fluid  should  reduce  fluid  effects  below 
those  of  the  narrow  cut  fluid.  Because  selective  evaporation 
does  not  affect  the  mono-fluid,  distillation  fills  which 
could  reduce  the  quantity  of  contamination  are  feasible. 

A  candidate  fluid  T-17  has  been  synthesized  at  CSDL,  and 
an  .'IX-TGG  fill  is  planned  for  July  19"9.  A  25  IRIG  filled 
with  another  monomo leoular  fluid  has  performed  well  (see 
References  23  and  26);  however,  the  inherent  limitations 
of  that  family  of  gyros  does  not  permit  extrapolation  to  TCG 
performance  levels. 

(3)  Tests  should  be  performed  to  pinpoint  the  fluid  or  float  as 
the  GST  source.  The  analyses  of  Sections  3  through  7  indi¬ 
cate  that  the  fluid  or  its  contaminants  are  probable  candi- 
iates.  Furthermore,  because  the  assembly  induced  stresses 
are  much  higher  than  the  gravity  induced  stresses  and 
because  the  gravity  independent  unbalance  ramps  are  small, 
deformation  of  the  float  structure  has  been  discounted  as 
a  GST  source.  This  fact  should  be  experimentally  verified. 
Reference  1  describes  25  IRIG  testing  where  the  unit  was 
stored  at  different  temperatures.  At  low  temperatures, 
little  trending  was  observed.  Because  all  the  fluid  GST 
models  depend  on  viscosity  (which  is  more  dependent  on  tempera¬ 
ture  than  the  float  structural  parameters) ,  the  trending  was 
attributed  to  the  fluid  or  an  effect  exterior  to  the  float. 
Preliminary  testing  indicates  that  this  conclusion  holds 
for  TGGs. 


> 


t 


a 


60 


Although  the  temperature  storage  has  greatly  reduced  con¬ 
cern  over  the  float  interior  being  the  principal  GST 
source,  PPD  will  add  confidence  by  conducting  float  pumping 
tests  in  July  1979.  A  previously  characterized  TGG  will 
be  stationed  with  the  output  axis  horizontal.  By  switching 
the  suspension  capacitors,  the  float  will  be  driven  in 
a  circular  orbit  about  the  nominal  case  center.  The 
float  revolution  will  force  fluid  across  the  float  in 
several  hours  (per  PPD  and  CSDL  calculations) .  If  unbal¬ 
ance  changes  significantly  because  of  the  pumping,  one  can 
conduce  that  the  fluid  or  contaminants  therein  are  GST 
causes . 

(4)  TGD  should  be  evaluated  by  centrifuge  testing.  Since  the 
predicted  unbalance  resulting  from  TGD  may  be  proportional 
to  or  inversely  proportional  to  g,  depending  on  D  (see 
Figures  11  and  12),  centrifuge  testing  could  clarify  the 
contribution  of  TGD  to  GST.  These  results  would  strengthen 
any  conclusion  gained  from  the  narrow  cut  and  monomolecular 
fills.  Centrifuging  might  also  permit  long  time  constant 
effects  to  be  observed.  Centrifuge  tests  are  planned  at  CSDL 
and  CIGTF  for  summer  1979. 

(5)  Test  the  sensitivity  of  GST  to  temperature  difference  across 
the  fluid  gap.  The  temperature  difference  across  the  gap  is 
an  important  driver  in  the  diffusion  column  theory.  As  in 
item  4  above,  results  could  identify  the  role  of  TGD  in  GST 
and  would  reinforce  any  conclusions  from  the  instrument  fills. 

(6)  Models  used  for  system  evaluation  should  reflect  the  multiple 
GST  effects.  Models  which  result  in  only  a  single  time  con¬ 
stant  appear  inadequate.  A  model  which  superimposes  that 

of  Figure  4  (see  Reference  10)  upon  a  viscoelastic  model  where 
mass  is  the  only  permitted  motion  along  gravity  is  recommended. 
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(7)  Employ  vial  testing  to  expand  quantitatively  the  slide  tests. 
As  deduced  in  the  conclusions,  and  in  Section  5,  contaminants 
of  different  masses  will  have  different  GST  effects  depending 
on  their  classif icat ion  as  true,  partial,  or  nonsednnenters. 
An  air  bearing  torque  tester  is  being  used  to  measure  the 
torque  versus  time  for  vials  filled  with  gyro  fluids  and 
known  large  (5000  ppm)  amounts  of  contamination  (see  Refer¬ 
ence  1  and  Section  5).  These  tests  will  determine  the 
required  in  situ  cleanliness  of  flotation  fluids. 

(S)  Perform  mote  detailed  simulation.  In  Section  3,  the 

governing  equations  are  listed.  Subsequent  sections  made 
simplifying  assumptions  so  that  subsets  of  the  original 
equations  were  solved.  Diffusion,  TGD,  bulk  fluid  motion, 
and  particularly  sedimentation  should  be  studied  in  greater 
detail  in  simulations  which  reflect  the  actual  gyroscope 
geometry . 

p-))  Investigate  possible  fast  transients  from  sedimentation. 

Wluie  sedimentation  and  bulk  flow  models  describe  the  long 
(10  days  and  longer)  decay  time  for  GGT,  these  models  also 
predict  taster  phenomena  with  10-minute  to  l-hour  decay 
times.  The  more  rapid  tiansients  result  because  of  the 
short  distance  between  the  float  and  case.  Experimental 
investigation  of  fast  transients  should  be  undertaken  for  the 
following  reasons: 

la)  Verification  or  denial  of  sedimentation  models; 

(b)  Possible  explanation  of  previously  unexplained  gyro 
behavior;  and 


ic)  Performance  improvement. 
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APPENDIX  A 


ONE  DIMENSIONAL  UNSTEADY  PARTIAL  SEDIMENTATION 


The  mss  transfer  equations  of  Section  3  are  solved  with  the 
following  assumptions: 

(1)  ;he  miss  transfer  is  one  dimensional  (along  x)  . 

(-'  Thermal  diffusion  and  bulk  flow  may  be  neglected. 

i 3)  Hie  weight  fraction  variations  are  small. 

T!ie  mass  transfer  is  then  governed  by  the  phenomenonologi cal 
diffusion  equation 


wiie  re  : 
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mass  flow  in  x  direction 
de  ns  i  tv 

mass  fraction  of  component  1 
diffusion  coefficient 
sedimentation  coefficient 

pressure  gradient  in  x  direction 
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With  no  bulk  fluid  motion  and  little  density  variation  along  the 

jp 

x  axis,  and  scj  can  be  regarded  as  constants.  Continuity  for  com¬ 
ponent  l  results  in: 
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For  time  zero,  Equation  ( A—  5 )  may  be  written  as: 


APPENDIX  B 


SOLUTION  OF  UNSTEADY  TRANSPORT  EQUATION 
WHEN  1  -  Cj  %  I 


Thfc  transport  equation  for  species  1  of  a  binary  fluid  is 
Equation  (7.2) 
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The  sisteady  transport 


equation  for  species  1  is  Equation  (7.7) 
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o;  and  wnorinq  terms  in  Acj-,  Equation  (B.3) 
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Equation  (B.4)  has  to  be  solved  under  the  boundary  conditions 
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*1*0  at  z  =*  0  and  z  »  L 
and  from  equation  (B.2) 


T1  =  Hc  1 0  ^  1— c i o ^  at  t  =*  0 


Since  K  =■  H/2A  (Equation  (7.11)),  Equation  (B.4)  can  be 
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Conservation  of  species  1  requires  that 
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Differentiatina  Equation  (B.2)  with  respect 
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Note  that  Equation  (B.12)  for  is  the  same  as  Equation  (B.7)  for  Ac;. 
It  is  thus  simplest  to  follow  Bardeen's  method  (References  18  and  19), 
and  solve  firstly  for  ^  as  a  function  of  z  and  t. 

Since  Equation  (B.12)  differs  from  Bardeen's  equation  only  in  the 
constant  coefficients,  the  particular  solution  of  Equation  (B.12)  satis¬ 
fying  boundary  condition  (B.5)  can  be  immediately  written  down  from 
Bardeen's  solution 
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where  n  is  a  positive  integer  and 
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Using  boundary  condition  (B.6)  at  t  =  0  then  Equation  (B.14)  gives 
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The  Fourier  coefficient  a  can  thus  be  determined  from 
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The  expression  for  Ac  i  consists  of  a  steady-state  equilibrium 
concentration  and  a  transient  term.  The  equilibrium  term  is  of  the  form 


Acj  ^  =  P  e 


2A(1-2ciq) 2 


+  Q 


(B .  18) 


where  P  and  Q  are  constants  which  may  be  determined  from  mass  conserva¬ 
tion 
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and  from  Equation  (B.2)  using  boundary  condition  (B.5)  at  t  =  0 
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Therefore  using  (B.20) 
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The  transient  term  for  Acj  can  be  obtained  from  Equations  (B.9) 
and  (B . 14) .  The  final  expression  for  Acj  is  identical  to  Bardeen's  solu¬ 
tion  except  for  the  constant  coefficients,  so  that  the  time  constant 
for  equilibrium  t  is  obtained  from  the  last  term  in  Equation  (B.13)  with 
n  =  1 
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NOMENCLATURE 


a  Thermal  diffusion  factor  (dimensionless) 

a  Radius  of  spherical  element  (cm) 

i  o 

S  Temperature  coefficient  of  density  (gm/(cmJ-  F)) 

8  Length  (cm) 

c  Fractional  mass  concentration  (dimensionless) 

D  Coefficient  of  ordinary  diffusion  (cm2/s) 

Qt  Coefficient  of  thermal  diffusion  (cmV(s-  F) ) 

f  Frictional  coefficient  (gm/s) 

g  Acceleration  due  to  gravity  (cm/s2) 

h  Maximum  height  travelled  during  thermal  diffusion 

process  (cm) 

J  Mass  flux  relative  to  barycentric  coordinates 

(gm/ (cm2-s) ) 

k  Spring  constant  (gm/s2) 

9  Angle  (rads) 

U  Viscosity  (gm/(cm-s)) 

m  Mass  per  unit  length  (gm/cm)  =  o2wB 

Viscous  drag  torque  (dyn-cm) 

N  Avogadro's  Number  (6.02  *  1022/gm-mole) 

0  Density  (gm/cm2) 
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Subscripts 


NOMENCLATURE  (Continued) 


Density  difference  between  top  and  bottom  of 
density  gradient  (gm'cm3) 

Universal  gas  constant  (8.31  *  10  gm-cmV 
(s2-K-mol) ) 


Radius  (cm) 


Sedimentation  coefficient  (cm/ (s'-cm) ) 


Characteristic  time  (s) 


Mean  fluid  temperature  (  F) 

o 

Temperature  gradient  across  fluid  gap  (  F) 
Net  transport  (gm/s) 

Damping  gap  width  (cm) 

Average  fluid  velocity  (cm/s) 


Vo  1  ume  ( cm ' ) 


Distance  (cm) 


Vertical  distance  (cm) 


Initial 


Species  1 
Species  2 


Element  (contaminant  or  fluid  constituent) 


Underline  denotes  vector  e.g.  J 
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ABSTRACT 


A  Honeywell  laser  gyro  model  GG1328AC  was  recently  subjected  to  a  series 
of  tests  on  the  260  inch  centrifuge  at  the  Central  Inertial  Guidance  Test 
Facility,  Hoi  Ionian  ATB,  New  Mexico.  For  these  tests  the  gyro  was  securely 
mounted  in  a  precision  cube  on  the  counter-rotating  platform  of  the  centri¬ 
fuge.  Power  supplies  and  other  required  electronics  were  mounted  in  the 
centrifuge  control  room.  Data  acquisition  and  quick-look  analysis  were  pro¬ 
vided  by  a  Hewlett-Packard  Fourier  Analyzer  system. 

Tests  were  conducted  in  both  the  fixed  and  the  counter-rotating  modes. 
During  fixed  mode  testing  the  gyro  was  subjected  to  constant  accelerations  in 
one  direction  of  up  to  IQOg.  Several  different  gyro  orientations  were  used, 
however,  all  orientations  had  the  gyro  input  axis  vertical.  The  input  rate 
to  the  gyro  was  therefore  the  centrifuge  rate.  These  tests  were  similar  to 
scale  factor  linearity  tests  with  an  acceleration  applied  to  the  gyro.  The 
results  of  these  tests  showed  that  the  gyro  output  varied  as  functions  of 
acceleration  and  acceleration  squared.  It  was  shown  that  this  sensitivity 
could  be  caused  by  an  acceleration  sensitive  misalignment  of  the  gyro  input 
axis  relative  to  the  spin  axis  of  the  centrifuge.  The  test  orientations  used 
did  not  permit  the  separation  of  tilt  caused  by  centrifuge  or  gyro  mount 
bending  from  bending  of  the  gyro  input  axis  within  the  gyro.  Gyro  orienta¬ 
tions  and  analysis  procedures  are  suggested  which  should  permit  such 
separation. 

Counter-rotating  tests  were  conducted  at  accelerations  up  to  50g  with  the 
gyro  input  axis  vertical.  These  tests  were  essentially  bias  tests  with  an 
acceleration  vector  rotating  around  the  gyro.  The  test  results  showed  that 
the  gyro  output  varied  with  acceleration  and  acceleration  squared.  It  was 
shown  that  these  variations  were  most  likely  caused  by  an  acceleration 
sensitive  coning  of  the  gvro  input  axis  relative  to  the  spin  axis  of  the 
centrifuge.  The  acceleration  sensitive  coning  angle  was  of  the  same  magni¬ 
tude  as  the  acceleration  sensitive  misalignment  observed  during  the  fixed 
mode  tests.  It  again  was  not  possible  to  determine  if  the  coning  was  caused 
by  centrifuge  or  mount  deflections  or  by  deflections  within  the  gyro. 

These  centrifuge  tests  show  that  it  is  possible  to  evaluate  the  perform¬ 
ance  of  a  laser  gyro  in  a  high  g  environment.  The  testing  left  some  ques¬ 
tions  concerning  how  much,  if  any,  the  gyro  IA  alignment  was  affected  by  the 
acceleration.  Test  and  analysis  procedures  however  are  suggested  which 
should  provide  answers  to  these  questions. 


1. 


INTRODUCTION 


The  Central  Inertial  Guidance  Test  Facility  (CIGT1-)  recently  completed  a 
series  of  laboratory  tests  on  a  Honeywell  Model  1328AC  Laser  Gyro.  These 
tests  were  sponsored  by  the  Air  Force  Space  and  Missiles  Systems  Organization, 
Los  Angeles,  California.  A  primary  concern  of  this  test  program  was  to  evalu¬ 
ate  the  performance  of  the  Laser  Gyro  in  a  high-q  environment.  In  order  to 
perform  this  evaluation  a  series  of  tests  was  conducted  on  the  260  inch  radius 
centrifuge  at  the  CIGTF.  Testing  was  conducted  with  the  counter-rotating 
platform  (CRP)  on  the  centrifuge  fixed  which  caused  a  constant  acceleration 
to  be  directed  along  a  given  gyro  axis,  and  with  the  CRP  rotating  at  the  same 
rate  but  opposite  in  direction  of  the  centrifuge  main  arm  resulting  in  a 
constant  acceleration  vector  rotating  around  the  gyro  at  centrifuge  rate. 

This  paper  presents  a  description  of  the  Honeywell  Laser  Gyro  as  well  as  a 
description  of  the  instrumentation  used  to  conduct  the  centrifuge  tests.  The 
test  procedures  used  and  the  results  of  the  tests  are  then  presented.  Some 
additional  test  orientations  are  also  suggested  which  should  provide  answers 
to  some  questions  which  arose  as  a  result  of  the  centrifuge  tests. 

2.  GYRO  DESCRIPTION 

The  Honeywell  Model  1328AC  is  a  single-axis,  ring  laser  gyro  with  the 
block  assembly  and  all  control  and  readout  electronics  contained  in  one  hous¬ 
ing.  It  is  cylindrical  with  approximate  dimensions  of  six  inches  in  diameter 
by  four  inches  in  height.  The  unit  weighs  about  four  pounds  by  itself,  and 
about  9.4  pounds  including  the  baseplate  heater  assembly  (supplied  by  CIGTF). 

The  block  assembly  is  mechanically  dithered  to  prevent  the  effects  of 
lock  in  at  low  rates.  A  path  length  controller  (PLC)  servos  the  path  length 
of  the  optical  cavity  within  the  block  to  compensate  for  the  effects  of 
thermal  or  mechanical  stress  on  the  block.  The  drawing  in  Figure  1  shows  the 
position  of  the  PLC  relative  to  the  input  axis,  J-axis  and  K-axis.  The  gyro 
uses  a  block  mounted  readout  device  and  readout  electronics  to  produce  a 
series  of  pulses  containing  rotation  magnitude  and  direction  information. 

The  performance  of  the  laser  gyro  can  be  characterized  by  its  two  primary 
parameters;  the  scale  factor  which  relates  the  magnitude  of  the  output  to  the 
applied  rotational  input  and  the  gyro  bias  which  is  the  output  with  no  input 
appl ied. 

The  support  electronics  consisted  of  a  power  supply  to  provide  all 
necessary  voltages  to  excite  and  operate  the  gyro;  a  breakout  box  to  access 
the  gyro  monitor  signals;  a  dither  compensator  to  avoid  dither  effects  on  the 
data  at  low  input  rates;  and  a  dither  cutoff  protection  circuit  which  would 
prevent  laser  damage  to  the  gyro  mirrors  in  case  the  dither  failed. 


In  the  non-counter-rotating  mode,  the  centrift.ge  Is  capable  of  lOOg 
at  a  rate  of  697.8  degrees/second  (116.3  RPM) .  A  radius  of  260.50  inches  to 
the  center  of  the  CRP  accounts  for  this  low  rate.  This  allowed  the  laser 
gyro  to  be  oriented  with  the  input  axis  parallel  to  the  centrifuge  spin  axis 
without  exceeding  the  gyro  input  rate  limit  (800  degrees/second)  at  lOOg. 

With  a  rotational  mass  of  47  tons  and  sophisticated  control  electronics,  this 
centrifuge  maintains  a  rate  stability  of  better  than  5  ppm  rev-to-rev  with  an 
average  (over  50  seconds)  angular  rate  stability  of  0.2  ppin.  The  day-to-day 
rate  repeatably  is  0.4  ppm  and  the  position  accuracy  of  the  main  arm  is  +  1 
arc-second. 


In  the  counter-rotating  mode,  the  CRP  spins  at  the  same  rate  as  the 
main  arm,  but  in  the  opposite  direction,  producing  a  g-vector  of  constant 
magnitude  that  rotates  around  the  test  item  at  the  main  arm  rate.  The  centri¬ 
fuge  is  capable  of  85g  counter-rotating  with  a  payload  of  30,000  g-pounds  and 
a  payload  size  of  up  to  50  inches  in  diameter  by  50  inches  in  height.  The 
CRP  has  a  position  accuracy  of  +  30  arc-seconds. 


3 . 2  Gyro  Mounting  Fixture 


During  these  tests  the  gyro  temperature  was  controlled  at  100  degrees 
Fahrenheit  with  an  aluminum  baseplate  with  a  +28  volt  strip  heater  around  its 
circumference.  The  temperature  was  held  constant  with  a  proportional  temper¬ 
ature  controller  using  a  sensing  thermistor  located  in  the  aluminum  disk. 

The  gyro  baseplate  was  mounted  on  a  Mycalex  ceramic  insulator  to  thermally 
isolate  the  heater  from  the  test  fixture. 


Figure  2  is  an  artist's  drawing  of  the  260  inch  centrifuge  showing 
the  mountinq  configuration  in  the  bottom  of  the  CRP  high-g  test  cell.  The 
laser  gyro  (with  the  baseplate  heater  assembly)  was  secured  inside  a  9-inch 
precision  test  cube  machined  from  a  solid  block  of  aluminum.  This  cube  was 
set  into  a  mounting  plate  and  was  bolted  in  place.  The  mounting  plate  had  a 
hole  machined  out  in  the  shape  of  a  six-pointed  star,  which  allowed  the  cube 
containing  the  gyro  to  be  reoriented  in  several  repeatable  orientations.  The 
cube  and  "star  plate"  were  attached  to  a  rigid  mount  in  the  bottom  of  the  CRP 
test  cell,  placing  the  gyro  along  the  axis  of  the  CRP. 

3 . 3  Data  Acquisition  Equipment 

A  Hewlett-Packard  5451  Fourier  Analyzer  was  used  to  collect  data 
during  centrifuge  testing  of  the  laser  gyro.  The  Fourier  Analyzer  consisted 
of  a  HP2100  computer,  HP5466A  Analog- to-Digital  Converter,  dual  disk  drive, 
magnetic  tape  unit,  graphics  terminal,  hard  copier,  paper  tape  reader,  and 
paper  tape  punch. 
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COUNTER  ROTATING  PLATFORM 


Two  Hewlett-Packard  reversible  counters  were  interfaced  with  the 
Fourier  Analyzer  system.  One  was  used  to  count  the  gyro  output  pulses  and 
the  other  was  used  to  count  pulses  from  a  1  MHz  frequency  source  to  provide 
a  time  base  during  the  testing.  A  drawing  of  the  data  acquisition  system 
along  with  a  cutaway  view  of  the  test  cube  is  shown  in  Figure  3. 

This  data  acquisition  system  allowed  data  to  be  recorded  on  magnetic 
tape  and  disk  files  for  later  use,  and  processed  and  displayed  on  the  graphics 
terminal  for  quick-look  information.  The  quick-look  capability  insured  that 
the  laser  gyro  and  test  setup  were  functioning  properly  and  that  any  anomolies 
could  be  discovered  and  corrected  quickly.  The  data  stored  on  magnetic  tape 
was  later  transferred  onto  the  CIGTF  Hewlett-Packard  3000  computer  system  for 
further  analysis. 

During  the  tests,  the  following  information  was  recorded  by  the  data 
acquisition  system:  gyro  counts,  sample  interval  time,  gyro  monitor  signals 
and  environmental  temperatures. 

The  gyro  put  out  a  positive  pulse  approximately  every  3  arc-seconds 
of  counter-clockwise  rotation  and  a  negative  pulse  approximately  every  3  arc- 
seconds  of  clockwise  rotation.  These  pulses  were  routed  through  a  pair  of 
line  drivers  to  a  Hewlett-Packard  K20-5280  reversible  counter  wiiere  they  were 
differenced  to  determine  the  direction  and  magnitude  of  rotation.  The 
reversible  counter  used  was  equipped  with  a  readout  on  the  fly  option  which 
allowed  samples  to  be  taken  without  resetting  the  counter,  thus  spreading  the 
digital  +1  count  uncertainty  over  the  entire  length  of  the  test  and  improving 
the  accuracy  of  the  data. 

Since  data  was  recorded  at  100  rev  intervals,  the  ^ ample  interval 
varied  with  the  input  rate  (g  level).  In  order  to  accurately  determine  the 
sample  time,  a  1  MHz  clock  frequency  was  put  into  another  Hewlett-Packard 
K20-5280  reversible  counter  and  the  output  was  sampled  along  with  the  gyro 
counts.  This  counter  also  had  the  readout  on  the  fly  option  so  it  was  not 
necessary  to  reset  it  for  each  sample. 

The  following  seven  gyro  monitor  signals  and  three  environmental 
temperatures  were  recorded  during  each  sample:  path  length  voltage  indicat¬ 
ing  the  position  of  the  path  length  control  transducer,  four  temperature 
sensor  values  indicating  the  temperature  and  gradients  of  the  laser  block, 
the  discharge  current  in  leg  A  and  leg  B  of  the  laser  gyro,  the  temperature 
of  the  center  and  circumference  of  the  baseplate  heater,  and  the  temperature 
of  centrifuge  test  cell.  These  signals  were  low  pass  filtered  and  multiplexed 
into  the  analog-to-digital  converter  of  the  Fourier  Analyzer.  During  each 
sample  interval  128  samples  were  taken  of  each  signal,  and  the  average  value 
was  recorded  along  with  the  gyro  counts  and  sample  interval  time. 
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4.  TEST  DESCRIPTION 


4.1  Fixed  Tests 

4.1.1  Test  Procedures 

Fixed  centrifuge  tests  were  run  with  the  CRP  mechanically 
locked  down  (in  the  "fixed"  position)  and  the  main  arm  rotated  to  produce 
various  g  levels.  With  dither  off,  three  100  rev  samples  were  taken  at  each 
g  level.  Data  was  taken  going  up  in  10  g  increments  from  5g  to  95g  and 
coming  down  in  lOg  increments  from  lOOg  to  lOg.  Ine  gyro  had  operated  contin¬ 
uously  several  hours  prior  to  each  test. 

Fixed  tests  were  run  in  three  orientations  (see  Figures  1  and 
4),  all  IA  up:  (1)  Path  Length  Controller  (PLC)  pointing  out  from  the  center 
of  the  centrifuge  (along  the  negative  g  vector),  (2)  PLC  pointinq  in  toward 
the  center  of  the  centrifuge  (along  the  positive  g  vector),  and  (3)  PLC 
perpendicular  to  the  g  vector. 

4.1.2  Analysis  Procedures 

During  fixed  centrifuge  tests  conducted  with  the  gyro  I A 
vertical  the  rate  about  the  gyro  IA  was  equal  to  the  centrifuge  rate.  This  I 

rate  ranged  from  156  deg/sec  at  5g  to  697  deg/sec  at  lOOg.  Because  of  this, 
the  fixed  centrifuge  tests  were  essentially  scale  factor  linearity  tests  with 
an  applied  acceleration.  The  first  step,  therefore,  was  to  determine  the 
gyro  scale  factor  in  units  of  pulses  per  revolution  at  each  acceleration 
level.  This  was  given  by 


■ j  —  j 

SF  -  N‘BT 

b  P/R  " 

where  SFp/R 

=  gyro  scale  factor  (pulses/rev) 

N 

=  number  of  gyro  pulses  obtained  during  R  centrifuge 

revolutions  (pulses) 

B 

=  number  of  gyro  pulses  per  unit  time  obtained  when  the 

gyro  was  not  rotating  (pulses/sec) 

T 

=  sample  time  (sec) 

R0 

=  total  number  o*  centrifuge  revolutions  during  the 

sample  interval  (rev) 

B  was  obtained  from  a  recent  bias  drift  test.  The  scale  factors  obtained 
using  the  above  procedures  were  then  used  to  model  the  scale  factor  as 
functions  of  centrifuge  rate  and  acceleration.  Scale  factor  linearity  tests 
had  shown  that  a  model  given  by  Honeywell  Inc  adequately  described  the 
variation  of  the  gyro  scale  factor  with  rate.  This  model  was 
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FIXED  TEST  ORIENTATIONS 


=  SF  1  + 


- - ? 

ft  +  Ur 


where  SF^  =  gyro  scale  factor  at  infinite  rate  (pulses/rev) 

ft$  =  scale  factor  linearity  coefficient  (deg/sec) 

ft  =  rate  about  gyro  input  axis  (deg/sec) 

sig  =  laser  gyro  parameter  given  by  Honeywell  Inc.  as  12  deg/sec 

An  examination  of  the  residuals  remaining  after  performing  a  least  squares 
fit  of  the  above  model  to  the  data  revealed  the  need  to  expand  the  model  to 
include  acceleration  and  acceleration  squared  terms. 


SF  1  + 


ft  +  ft: 


+  K-j  A  +  K2Ac 


where  =  variation  in  scale  factor  proportional  to  acceleration 

(pulses/rev/g) 

A  =  centrifuge  acceleration  ( g ) 

=  variation  in  scale  factor  proportional  to  the  square  of 
acceleration  (pulses/rev/g^) 

The  centrifuge  acceleration,  A,  was  given  by 


where 


A  =  (^y)2L/ 385. 48698 

L  =  centrifuge  radius  (inches) 


385.48698  =  conversion  factor  from  inches  per  second  squared  to  g 
(in/sec^/g) 

After  determining  that  the  above  model  (Equation  3)  adequately  described  the 
scale  factor  variation  with  rate  and  acceleration,  the  next  step  was  to 
investigate  the  reasons  for  the  acceleration  and  acceleration  squared  terms 
in  the  model.  The  scale  factor  was  initially  determined  using  Equation  1 
which  assumed  that  the  gyro  input  axis  (IA)  was  perfectly  aligned  with  the 
centrifuge  rotation  axis.  If  the  gyro  IA  was  misaligned  from  the  centrifuge 
rotation  axis  by  an  angle  $,  the  number  of  rotations  about  the  gyro  IA  would 
be 


RgCOS(j> 
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where  R  =  number  of  gyro  I A  revolutions 

Rg  =  number  of  centrifuge  revolutions 

<P  =  misalignment  between  gyro  IA  and  centrifuge  rotation  axis 

During  centrifuge  testing  $  may  vary  as  a  function  of  acceleration  caused 
either  by  a  changing  tilt  of  the  gyro  on  the  centrifuge  or  by  bending  inside 
the  gyro.  The  angle,  <j>,  can  then  be  given  by 

<P  =  4>q  +  A  (6) 


where 


$g  =  misalignment  at  zero  acceleration  (rad) 

$1  =  rate  of  change  of  misalignment  with  acceleration  (rad/g) 


A  =  acceleration  (g) 

Using  this  in  Equation  1  and  combining  it  with  Equation  2  gives 


N  -  BT 

RgCOSUg  +  ^A) 


SF 


2 

n  +  n 


2 

G 


(7) 


Since  the  misalignment  is  not  known,  the  scale  factor  determination  is  based 
on  Rg.  The  scale  factor  determined  (SFg)  from  centrifuge  tests  is  therefore 

given  by 

7 

L  G 

The  misalignment  will  be  small;  therefore,  the  cosine  can  be  quite  accurately 
given  by  the  first  two  terms  in  the  cosine  expansion 

Ug  +  (9) 

cos(<j>g  +  <f>-|A)  -  1  -  2 

or 

cosUg  +  <j>-| A )  =  1  -  J-( <i.g2  +  2cJ)q4>1  A  +  <}>-, 2A2)  (10) 

The  determined  scale  factor  now  becomes 


cosUg  +  <t>-|  A)  (8) 


SFr 


N  -  BT 


=  SF 


1  + 


.5fts 

~l - 

n  +  n 


i _ lb. _ k  _  I  > _  b* 
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SFn  =  SF 
U  a 


1  + 


.5*2  c 
s 

~2  2 
a  + 


(1  -  .5$g)  -  .5  SFa 


1  + 


.5$2 

s 

~2 - 2 

0  +  °G 


.  5s.' 


(2v*q^A  +  ^A2) 


01) 


If  i^q  <<  1  ,  1  »  and  — 2~ 


«  1 ,  products  of  three  or  more  of  these 


+  144 

terms  can  be  ignored  and  the  above  equation  can  be  approximated  by 


SFn  =  SF 
D  » 


,512 


1  + 


~2 - 2 

a  +  ftg 


s  -  V 


2,2 


SF-^0*1A  "  SF*<h  ^ 


(12) 


This  equation  therefore  predicts  that  if  the  gyro  IA  misalignment  angle  varies 
linearly  with  acceleration,  the  determined  scale  factor  will  be  a  function  of 
acceleration  and  acceleration  squared.  Relating  this  equation  to  Equation  3 
gi  ves 


K1  "  '  SF-Vl 

K,  =  -  .5  SF  $.2 

2  °°  1 


03) 

(14) 


This  requires  that  if  SF  is  positive,  X9  must  be  negative  in  order  for 
to  be  real.  "  c  1 


Comparing  Equations  12  and  3  shows  that  the  value  obtained  for  SF*.  will 
really  be  SFdd(1  -  .5$^).  If  <j>g  is  small  it  will  contribute  very  little  to 

this  term.  If  <t>Q  is  30  arc-sec  the  error  in  SF^  will  be  only  .01  part  per 
million. 


4.2  CRP  Tests 

4.2.1  Test  Procedures 

Counter-rotating  tests  were  run  from  5g  to  50g  with  gyro 
dither  on,  and  after  several  hours  of  continuous  gyro  operation.  Three  100 
rev  samples  were  taken  at  each  g  level.  These  tests  were  conducted  in  two 
orientations  (see  Figures  1  and  4):  (1)  I A  approximately  45  degrees  down 

from  vertical,  with  the  PLC  also  about  45  degrees  down  from  horizontal;  (2) 

IA  up  and  PLC  in  the  horizontal  plane. 

Since  the  CRP  tests  were  conducted  with  dither  on,  the  dither 
compensator  was  used  to  synchronize  the  sample  interval  to  the  dither  signal 
by  starting  and  stopping  the  data  taking  interval  on  the  first  positive¬ 
going  dither  zero  crossing  following  the  100th  revolution  of  each  sample. 
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The  position  error  between  the  main  arm  and  the  CRP  was 
measured  at  the  start  and  stop  of  each  interval  and  the  data  was  compensated 
according  to  the  difference.  This  error  was  obtained  by  counting  1  MHz  clock 
pulses  with  a  counter  that  could  be  reset  and  stopped.  Goth  the  main  arm  and 
the  CRP  have  very  accurate  one-half  degree  pulses,  with  the  CRP  pulses  occur¬ 
ring  half  way  between  main  arm  pulses  when  the  CRP  is  perfectly  slaved  to  the 
main  arm.  The  main  arm  one-half  degree  pulse  was  used  to  start  the  counter 
and  the  CRP  one-half  degree  pulse  was  used  to  stop  it.  The  output  of  the 
counter  and  the  number  of  main  arm  one-half  degree  pulses  that  had  occurred 
since  the  last  main  arm  once-per-rev  pulse  were  read  at  the  start  and  stop  of 
the  sample  interval.  The  position  error  angle  was  calculated  by  multiplying 
the  stop  an  I  start  difference  by  the  rate  for  the  g  level  of  the  sample. 

4.2.2  Analysis  Procedures 

The  counter-rotating  centrifuge  tests  were  essentially  fixed 
position  bias  drift  tests  with  an  acceleration  vector  rotating  around  the 
gyro  at  centrifuge  frequency.  The  change  in  gyro  bias  at  each  acceleration 
level  caused  by  centrifuging  was  therefore  determined  by 


die  re  aB 

N* 

B  ' 

sr 


Bias  variation  as  a  function  of  acceleration  (deg/hr) 

Average  number  of  gyro  pulses  per  second  obtained  during 
centrifuging  (pulses/sec) 

Number  of  gyro  pulses  per  second  obtained  at  zero 
centrifuge  acceleration  (pulses/sec) 

Gyro  scale  factor  (arc-sec/pulse) 


The  CRP  position  variation  from  the  start  to  the  end  of  each  data  sample 
interval  was  measured  and  All  was  corrected  for  this  error.  The  results  of 
this  analysis  showed  that  the  bias  variation  was  a  function  of  acceleration 
and  acceleration  squared  and  also  of  centrifuge  direction.  Because  of  the 
apparent  1A  misalignment  variation  with  acceleration  observed  during  fixed 
centrifuge  tests,  it  was  felt  that  a  similar  misalignment  ..might  be  occurring 
during  CRP  tests.  A  constant  outward  tilt  of  the  gyro  IA  relative  to  the 
rotation  axis  of  the  centrifuge  would  cause  the  gyro  1A  to  move  in  a  cone 
relative  to  the  earth  as  the  centrifuge  rotated.  Many  sources  describe  the 
effects  of  coning  of  the  1A  of  a  conventional  gyro.  Reference  1,  in  refer¬ 
ence  to  a  theorem  by  Goodman  and  Robinson  states, 

"This  theorem  essentially  states  that  if  a  body  undergoes 
a  sequence  of  rotations  in  which  each  axis  of  the  body 
returns  to  its  initial  orientation  and  an  axis  in  the  body 
has  moved  in  a  conical  path,  there  will  have  been  an  angular 
velocity  component  about  that  axis  ...". 


mMMth 


- - 
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This  reference  then  goes  on  to  show  that  this  motion  can  be  represented  as 
periodic  angular  oscillations  about  one  space-fixed  axis  and  one  body-fixed 
axis.  It  then  shows  that  the  rate  about  the  coning  axis,  ,  is  given  by 


where  <t>  -  angle  about  the  body-fixed  axis 

o  -  time  derivative  of  the  angle  about  the  space-fixed  axis 

For  the  coning  of  the  IA  of  the  laser  gyro  on  the  centrifuge  these  two  anqles 
are  given  by  a 

<p  =  <J>  'sin(ftt  +  6)  (17) 

0  =  <TC0s(ftt  +  6)  (18) 

where  <T  =  amplitude  of  the  tilt  producing  the  coning  motion 
ft  =  centrifuge  rate 


phase  angle  of  the  tilt 


This  gives 


2  2 

u>z  =  -  4> '  ftsin  (fit  +  6)  (19) 

2 

o>z  =  -.5$'  fi[l  -  cos2(fit  +  6)3  (20) 

The  average  rate  about  the  gyro  I A  over  an  integral  number  of  revolutions  is 
therefore 

wz  =  -  *5<t>'2ft  (21) 

The  tilt  <p'  will  again  be  assumed  to  be  a  function  of  acceleration: 


4>'  =  $0  +  4^  A 


Substituting  this  gives 


arz  =  -.5ftUQ2  +  2(j>04>1  A  +  ^2A2)  =  aB  (23) 

This  equation  shows  that  a  g-sensitive  coning  of  the  input  axis  would  cause 
a  gyro  output  that  was  functions  of  acceleration,  acceleration  squared  and 
centrifuge  rate.  This  equation  was  therefore  fit  to  the  observed  bias 
variations,  aB,  using  least  squares  procedures  and  ^  and  <j>^  were  determined. 
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5.  TEST  RESULTS 


5.1  Fixed  Centrifuge  Tests 

The  coefficients  obtained  by  fitting  Equation  3  to  the  scale  factor 
data  obtained  from  fixed  centrifuge  tests  are  shown  in  Table  I.  Also  shown 
are  the  maximum  acceleration  level  during  the  test  and  the  standard  deviation 
of  the  residuals  from  the  fit.  The  tilt  angles  and  obtained  from  the 

acceleration  and  acceleration-squared  coefficients  (K^  and  are  shown  in 

Table  II.  It  can  be  seen  that  the  acceleration-sensitive  tilt,  4^,  is  very 

repeatable  at  about  5.3  arc-sec/g  from  test  to  test  and  from  one  orientation 
to  the  next.  The  acceleration  insensitive  tilt,  <>q,  is  fairly  stable  within 

an  orientation  but  varies  greatly  from  one  orientation  to  the  next.  This  is 
as  expected  since  vV,  is  the  misalignment  of  the  gyro  1A  with  respect  to  the 
centrifuge  rotation  axis  at  zero  centrifuge  acceleration.  This  angle  would 
therefore  be  expected  to  change  when  the  gyro  was  reoriented. 

Tattle  III  shows  the  values  of  scale  factor  linearity  coefficients 

(SF  and  W  *-)  obtained  from  scale  factor  linearity  tests.  Also  shown  is  the 
<»  s 

standard  deviation  of  the  residuals  from  the  fit.  These  tests  were  conducted 


TABLE  III. 

SCALE  FACTOR  LINEARITY  RESULTS 

Date 

SF 

vV 

°Res 

( 1978) 

Di rection 

(Pulses/Rev) 

tneg/Secjj 

1LPM1 

22  May 

ccw 

411879.43 

.238 

.035 

2  Jun 

cw 

411879.52 

.038 

.026 

8  Jun 

ccw 

411879.65 

.000 

.012 

8  Jun 

cw 

411879.62 

-.005 

.011 

19  Jun 

ccw 

411879.67 

-.046 

.027 

27  Jun 

ccw 

411879.37 

-.125 

.021 

30  Jun 

cw 

411879.39 

-.091 

.018 

on  the  centrifuge  by  rotating  the  counter-rotating  platform  while  holding  the 
main  arm  stationary.  The  rates  used  were  the  same  as  main  arm  rates  required 
to  reach  accelerations  from  5  to  lOOg  in  5g  increments.  A  comparison  of 
these  coefficients  with  those  obtained  during  centrifuging  (Table  1)  shows 
good  agreement  indicating  the  SF^  and  w  *-  wore  not  affected  by  centrifuging. 

2  5  , 

The  day-to-day  variations  in  q  had  been  observed  prior  to  centrifuging  and 

were  later  found  to  be  caused  by  a  problem  in  the  gyro  electronics .  The 
shift  in  SF  from  19  June  to  27  June  occurred  following  a  repair  to  the  gyro 

CO 

2 

d i I  her  circuitry  at  Honeywell.  Inc.  Hone  of  these  variations  in  q  and  SFw 


14 


TABLE  I. 


FIXED  CENTRIFUGE  TEST  RESULTS 


Date 

0978) 

Max  G 

'  SF  " 

<30 

(Cnts/Rev) 

(De^/Hr)2 

K1 

(PPM/G) 

*^2 

(PPM/G2) 

0 

res 

(PPM) 

PLC  Pointing  Outward 

17  May 

75  CCW 

1 

411879.49 

.284 

.0161 

-.000307 

.036 

17  May 

95  CU 

411879.50 

.296 

.0174 

-.000357 

.072 

23  May 

75  CU 

411879.55 

.232 

.0136 

-.000303 

.045 

23  May 

100  CCW 

411879.58 

.228 

.0192 

-.000363 

.090 

27  Jun 

75  CCW 

411879.47 

-.118 

.0130 

-.000290 

.044 

28  Jun 

75  CW 

411879.49 

-.108 

.0108 

-.000272 

.017 

Mean 

411879.51 

.136 

.0150 

-.000314 

1 

|S  i  cmia 

.10  PPM 

.194 

.0031 

.000036 

I’LC  Pointing  Inward 

5  Jun 

100  CCW 

411879.62 

.015* 

-.0073* 

-.000344 

.098 

6  Jun 

411879.64 

.005* 

-.009.7 

.000328 

.073 

Mean 

411879.63 

.010* 

-.0085 

-.000336 

S  i  gma 

.03  PPM 

.007 

.0017 

.000011 

PLC  Poi 

at i nq  Aero 

^s  Arm 

9  Jun 

100  CCW 

411879.83 

-.003* 

.0054* 

-.000334 

.066 

14  Jun 

95  CW 

411879.79 

-.060 

.0041 

-.000323 

.042 

Mean 

411879.81 

-.034* 

.0047 

-.000328 

Sigma 

_ .07  PPM 

.037 

_  .0009  _ 

.000008 

j 

■*Not  significantly  different  from  zero  at  the  M  significance  level 


were  therefore  caused  by  centrifuging  the  gyro.  A  plot  of  the  residuals  from 
two  typical  centrifuge  tests  are  shown  in  Figure  5.  These  residuals  show  a 
definite  hysteresis  effect,  indicating  that  the  coefficients  for  decreasing 
acceleration  were  different  than  those  for  increasing  acceleration.  Because 
of  this  the  model  was  then  fit  separately  to  increasing  acceleration  data  and 
to  decreasing  acceleration  data.  The  coefficients  and  the  misalignment  angles 
obtained  from  these  fits  are  shown  in  Tables  IV  and  V.  The  acceleration 
sensitive  tilt,  it,,  was  about  .9  arc-sec/g  greater  for  increasing  accelera- 

9 

tion  than  for  decreasing  acceleration,  SF  and  it  did  not  differ  significant- 

ly  from  increasing  acceleration  to  decreasing  acceleration.  The  residuals 
from  these  fits  were  small  and  were  caused  primarily  by  scatter  within  an 
acceleration  level.  A  plot  of  the  residuals  from  two  of  these  tests  is  shown 
in  Figure  6. 

The  observed  acceleration  sensitive  tilt,  if),  could  be  caused  by  a 

bending  within  the  gyro,  movement  of  the  gyro  in  the  mount,  movement  of  the 
gyro  mount  on  the  centrifuge,  or  a  bending  of  the  centrifuge  arm.  Tush  tests 
in  which  pressure  was  applied  to  a  dummy  gyro  within  the  mount  were  conducted 
to  determine  how  much  motion  of  the  gyro  within  the  mount  could  be  expected. 
These  results  showed  a  motion  of  about  .5  arc-sec/g.  An  analytical  study  of 
the  centrifuge  mounting  cell  and  the  gyro  mount  on  this  cell  predicted  a  tilt 
of  about  1  arc-sec/g.  The  tilt  of  the  centrifuge  arm  was  not  measured  during 
the  centrifuge  tests  and  it  is  therefore  not  known  how  much  this  contributed 
to  the  total  tilt.  It  is  therefore  not  known  how  much  of  the  observed  tilt 
was  caused  by  centrifuge  bending  and  how  much,  if  any,  was  caused  by  bending 
within  the  gyro.  A  test  using  more  orientations  of  the  gyro  on  the  centri¬ 
fuge  arm  is  proposed  in  Section  6  of  this  paper.  The  additional  orientations 
will  permit  separation  of  centrifuge  tilts  from  tilts  within  the  gyro  mount¬ 
ing  cube;  however,  these  tests  have  not  yet  been  performed. 

5.2  Counter-Rotating  Centri fuge  Tes ts 


The  bias  variation  as  a  function  of  acceleration  obtained  from  CRP 
centrifuge  tests  is  presented  in  Figure  7.  These  plots  show  that  the  bias 
difference  varies  as  a  function  of  acceleration  squared  and  is  also  dependent 
on  the  direction  of  the  centrifuge.  This  is  predicted  by  the  model  presented 
in  Section  4.2.2  (Equation  23).  This  model  was  fit  to  the  data  and  the 
angles,  obtained,  and  i|>^  are  presented  in  Table  VI.  from  the  orienta¬ 

tion  which  had  IA  at  45  degrees  to  the  centrifuge  rotation  axis  is  not  given 
because  the  coefficient  containing  was  negative,  therefore  giving  meaning¬ 
less  results  for  ij>i .  The  data  from  both  45  degree  orientations  was  noisy, 

causing  the  standard  errors  of  the  coefficients  obtained  from  these  tests  to 
be  large.  There  is,  therefore,  a  large  uncertainty  in  the  angles  obtained 
from  these  tests.  The  values  obtained  for  the  acceleration  sensitive  coning 
angle  of  about  6  arc-sec/g  agree  well  with  the  acceleration  sensitive  mis¬ 
alignment  of  5.3  arc-sec/g  obtained  from  fixed  centrifuge  tests.  The  same 
mechanism  is  therefore  most  likely  responsible  for  these  tilts.  However,  it 
is  not  known  if  they  are  caused  primarily  by  centrifuge  errors  or  by  bending 
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FIGURE  5.  CENTRIFUGE  TEST  RESIDUALS 
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*Not  significantly  different  f ro:rs  zero  at  the  1  fJ  significance  level. 
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TABLE  V.  COEFFICIENTS  FROM  DECREASING 
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Figure  7.  Bias* Deviation  During  CRP  To; 


within  the  gyro. 


TABLE  VI. 

CONING  ANGLES 

FROM  CRP  TESTS 

Date 

(1978) 

Orientation 

Di recti  on 

*0 

(Arc-Sec) 

*1 

(Arc-Sec/g) 

16  June 

IA  45  Deg 

ecu 

144.2 

12.5 

16  June 

IA  45  Deg 

CW 

60.5 

— 

29  June 

IA  Up 

ecu 

69.4 

6.0 

29  June 

IA  Up 

CW 

53.6 

6.5 

6.  SUGGESTED  ADDITIONAL  TESTS 

It  has  been  shown  that  apparent  gyro  bias  and  scale  factor  acceleration 
and  acceleration  squared  sensitivities  observed  during  centrifuge  testing 
could  be  caused  by  an  acceleration  sensitive  misalignment  of  the  gyro  IA 
relative  to  the  centrifuge  spin  axis.  From  the  tests  conducted  it  was  not 
possible  to  determine  if  this  misalignment  was  caused  by  a  motion  of  the  gyro 
IA  within  tne  gyro  or  by  a  bending  of  the  centrifuge.  Procedures  will  now 
be  developed  wh;ch  will  permit  a  separation  of  bending  within  the  gyro  mount¬ 
ing  fixture  from  bending  external  to  the  fixture.  Equation  12  which  was  used 
to  describe  the  gyro  output  from  fixed  centrifuge  tests  evolved  from  Equation 
3  through  a  cosine  expansion  and  small  angle  approximations.  The  argument 
of  the  cosine  term  in  Equation  8  will  now  be  expanded  to  more  fully  describe 
the  gyro  I A  alignment. 

*0  +  *1A  =  *T  =  *00  +  *06 i  +  *CA  +  *GPAcOS*00  +  *GIAsin*00  (24) 

where 

Total  angle  between  the  gyro  IA  and  the  centrifuge  spin 
axis  in  a  vertical  plane  along  the  centrifuge  arm,  positive 
outward  from  the  centrifuge  spin  axis,  (rad) 

$nn  Desired  angle  between  the  gyro  I A  and  the  centrifuge  spin 
axis,  (rad) 

4>gs.j  Acceleration  insensitive  misalignment  between  the  actual 
gyro  IA  and  the  desired  gyro  IA  alignment,  i  references 
the  gyro  orientation,  (rad) 

<j>C  Acceleration  sensitive  misalignment  of  the  centrifuge 

mounting  surface  with  respect  to  the  centrifuge  spin  axis, 
(rad/g) 

<*>Gp  Acceleration  sensitive  misalignment  of  the  gyro  IA  from  the 
centrifuge  mounting  surface  caused  by  acceleration  perpen- 
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ciicular  to  the  gyro  I  A.  (raa/g) 


<t>Gj  Acceleration  sensitive  misalignment  of  the  gyro  IA  from  the 
centrifuge  mounting  surface  caused  by  acceleration  along 
the  gyro  IA.  (rad/g) 

The  cosine  of  the  total  angle  is  now  expanded  using  trig  identities. 
cos:T  =  cos  00cos(  0  .  +  ;CA  +  <>GpAcos:00  +  tGIAsi n^0g)  (25) 

'  sin  00sin(  O  i  +  :CA  +  :GPAcOSr00  +  *GIAsinW 

All  angles  except  tag  are  small  angles.  Series  expansions  of  the  sine 

and  cosine  will  now  be  employed  and  any  terms  involving  products  of  three  or 
more  small  angles  will  be  ignored. 

cos  T  =  cos  oo^1  "  2^  Osi  +  CA  +  :GPA  cos2;00  +  :GIA  s1n2'00  ^26'> 

+  2  0- t  CA  +  2:0  i :GPAcoS;00  +  2  O  7  GIAsin :00 
+  2  CGpA  cos  0Q  +  2it'c :  GI A  s  i  n  0Q  +  2:Gp:GIA  sin:0Qcos  0Q)] 

51,1  00^0'i  +  :CA  +  GPAcOS'00  +  GIAsin  00 jl 

This  will  now  be  rewritten  lumping  together  coefficients  of  A  and  coefficients 
of  A2. 

cos<*>T  =  (1  -  2  Q'i  ^C0S  00  "  '*’06iS1n  00  (27) 


+  A[(-  <pr  -  :rDcos  + 


s  ;nn^  Vic  i  C0:,<Pr 


c  ■  gp  ■  oo  -Gr  ocr  06i  voo 


|>C  -  ^Qpcos 4>qq  -  ;Gisin  :oo^sinifOO^ 


2  12  1  ?  2  12.2 

+  A  ["  2^C  ‘  2^GPC0S  ^OO  ”  2<5’GIsin  ^00 


C  GPC0S  00  “  '^C'GIS1n’00  ‘  ’ GP  1 GIS1  n '00COS  00^COS'00 
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Substituting  this  for  the  cosine  term  in  Equation  8  gives 


sfD  =  SF. 


1  ‘  '2  +  U4  ^  '  2 '  Osi)cos  00  '  :05iSin:00^ 


where 


+  SF  K,A  +  SF  K„A 

QO  |  °°  C 


K1  =  (-  4>c  <*’GPCOS<*,00  '  <J>GIS  1  n^00 ^ ^06 i C0S ^ 


+  (-  'V  '  'troCOS* 


sin;nn)sin 


v  C  ’ GP  00  'Gr,M  00'D,"'00 

/  /  1  2  1  2  2  1  2  .  2, 

K2  PC  2  GPc  %  ’  2'GIS1n  ^OO 


l|'C  GPCOS^00  “  GISl  n  ‘00  "  V  :GIS1n  00COS<WCOS400 

The  goal  is  to  separate  <fg  from  and  £>gp  by  using  several  different 

test  orientations,  i.e.,  several  different  values  for  4>gg.  Examination  of 

the  above  equations  reveals  that  all  terms  contain  squares  or  products  of 
small  angles  except  for  the  multipliers  of  sinfgg  in  the  equation  for  K-j . 

This  is  therefore  the  most  likely  term  from  which  to  obtain  fgj ,  and 

This  therefore  requires  that  <t>gg  cannot  be  0°  or  180°.  Since  significant 

centrifuge  rates  must  be  applied  about  the  gyro  IA,  <j>gg  cannot  be  90°  or  270° 

The  required  orientations  will  therefore  be  those  at  which  the  gyro  IA  is  at 
45°  to  the  centrifuge  spin  axis.  If  products  of  small  angles  are  ignored,  K-j 

for  the  four  orientations  in  which  the  gyro  IA  is  at  45°  to  the  centrifuge 
spin  axis  is: 


K1(45°)  = 

- .  707  ( 4ig  + 

• 707fgp  + 

.  70  7  4>q j ) 

(31) 

K-j  ( 1 35°)  = 

-.707(<j>c  - 

.  7Q7<j>Gp  + 

•  707<jw) 

(32) 

K] (225° )  = 

•  707 ( 4>c  - 

-  707 't’Qp  “ 

•  707^) 

(33) 

K1 (31 5°)  = 

■  707  ( 4>c  + 

.  7  0  7  <f  Gp  - 

.  707 tf>GI ) 

(34) 

25 


Only  two  orientations  are  required  if  <|>Gp  is  not  to  be  separated  from 
For  example  adding  the  K-j  ' s  from  the  45°  and  the  225°  orientations  gives 


•GP  +  *GI  =  '  V45^  ‘  ki(225°)  (35) 

subtracting  gives 

♦c  =  ^y^K.,^0)  '  Ki(45°^  (36) 

❖qP  and  (j>GI  can  be  separated  if  a  third  orientation  is  added: 


«}>Gp  =  K1  (135°)  -  K]  (45°)  (37) 

fGi  =  *  K1  (1 35°)  -  K-j  (225°)  (38) 


7.  CONCLUSIONS 


Test  and  analysis  procedures  have  been  developed  which  permit  the  evalua¬ 
tion  of  the  performance  of  a  laser  gyro  during  centrifuge  testing.  These 
procedures  use  counter-rotating  tests  on  the  centrifuge  for  evaluation  of  the 
gyro  bias  sensitivity  to  acceleration  and  fixed  centrifuge  tests  for  the 
determination  of  the  gyro  scale  factor  sensitivity  to  acceleration.  Tests 
conducted  on  a  Honeywell  Model  1 328AC  laser  gyro  using  these  procedures  re¬ 
vealed  an  apparent  bias  and  scale  factor  sensitivity  to  the  square  of 
acceleration.  It  was  shown  that  this  apparent  sensitivity  could  be  caused 
by  an  acceleration  sensitive  gyro  input  axis  misalignment  relative  to  the 
centrifuge  spin  axis.  From  the  tests  conducted  it  was  not  possible  to 
determine  if  this  misalignment  was  internal  to  the  gyro  or  if  it  was  caused 
by  a  bending  of  the  centrifuge.  Additional  test  orientations  have  been 
suggested  which  should  make  it  possible  to  more  accurately  locate  the  source 
of  this  misalignment. 
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ABSTRACT 


TITLE:  Accelerometer  Scale  Factor  and  Linearity  Calibration 
Using  a  Laser  Interferometer 


Calibration  of  low-g  full  scale  ranged,  inertial  grade 
accelerometers  requires  the  accurate  generation  of  a  forces  in 
the  range  of  10“^  to  10~6  (10  mg's  to  1  Ug) .  One  method  of 
accomplishing  this  is  to  tilt  the  accelerometer  sensitive  axis 
from  its  null  or  true  horizontal  position  by  a  known  angle.  The 
accuracy  with  which  this  angle  can  be  generated,  maintained,  and 
measured  determines  the  final  accuracy  of  the  calibration. 


Conventional  methods  involve  the  use  of  either  a  dividing 
head  or  optical  autocollimator  which  are  manually  adjusted  and 
subject  to  reading  errors  by  the  operator.  The  resultant  accuracy 
and  resolution  are  in  the  order  of  2  micro  g's. 


Accelerometers  with  full  scale  input  limits  of  +100  micro 
g's  and  accuracies  of  0.1%  are  now  common  requirements.  To  meet 
these  requirements,  improved  versions  of  the  autocollimator  and 
several  optical  interferometers  were  studied  and  evaluated.  The 
availability  of  laser  interferometers  with  automatic  fringe 
counting  and  outputs  adaptable  to  recording  proved  to  be  the 
solution.  The  laser  interferometer  can  readily  resolve  angles 
of  .006  sec  of  arc.  Converted  to  g's,  this  represents  a  basic 
measurement  accuracy  of  .03  micro  g.  A  test  stand  using  the 
laser  interferometer  was  completed  in  1979,  and  is  currently 
being  used  to  calibrate  electrostatic  accelerometers  with  full 
scale  input  limits  as  low  as  10  micro  g's. 


To  measure  angles,  the  laser  is  used  as  a  distance 
measuring  device.  This  is  possible  since  for  small  angles  the 
proportion  of  the  earth's  one  g  force  coupled  into  the  accelero¬ 
meter  sensitive  axis  is  eoual  to  the  tilt  angle  in  radians.  For 
angles  less  than  0.05  radian  the  force  is  nearly  a  linear  function 
of  distance. 


A  change  in  distance  D(Ad)  is  measured  by  the  laser.  With 
R  (the  tilt  fixture  hinge  to  measurement  point)  known,  the  change 
in  input  acceleration  (AG)  is  equal  to  AD/R. 

Inherently  the  laser  has  zero  linearity  error.  The 
accuracy  is  not  dependent  on  dial  calibrations  or  gear  trains 
so  there  is  no  backlash  or  wind-up  error  to  accumulate. 

The  laser  measures  only  the  tilt  angle  of  the  test  stand 
with  respect  to  the  surface  on  which  the  fixture  is  mounted.  It 
is  insensitive  to  tilt  of  the  stable  base  on  which  it  rests. 
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The  accuracy  of  the  measurement  is  dependent  on  the 
accuracy  to  which  R  and  A  are  known  and  controlled.  R  can  be 
physically  measured  to  an  accuracy  of  .005%.  The  wavelength 
A  is  determined  by  the  long  term  stability  of  helium-neon  laser. 

It  is  expressed  in  terms  of  frequency  deviation  from  the  neon 
twenty  emission  line. 

The  complete  accelerometer  test  station  has  been  automated 
and  is  computer  controlled. 

Test  programs  can  be  readily  modified  to  perform  a  large 
variety  of  measurements. 

Typical  tests  cover  linearity  measurements  of  10  to  50 
points  per  scale. 

The  accelerometer  operating  temperature  may  be  changed 
at  discrete  intervals  to  yield  scale  factor  and  linearity 
temperature  coefficients. 

Data  output  are  printed  for  a  permanent  recording  of 
input,  output,  time  and  temperature. 
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INTRODUCTION 


I . 


Performance  testing  and  scale  factor  calibration  of 
inertial  grade  low-g  accelerometers  has  always  presented  a 
challenge  to  both  the  manufacturer  and  user  of  such  devices. 

The  manufacturer  needs  to  verify  his  design  by  testing 
and  the  user  requires  confidence  in  the  design  as  well  as 
accurate  calibration  data  to  meet  his  operational  needs. 

The  generation  of  accurate  inputs  to  a  low-g  acceler¬ 
ometer  in  the  presence  of  the  earth's  1  g  field  contributes 
considerably  to  this  challenge. 

Over  the  past  years  a  number  of  approaches  have  been 
used  to  provide  accurate  acceleration  inputs  for  this  purpose. 

These  techniques  included  the  drop  tower,  aircraft,  mass  attraction, 
precision  centrifuge,  and  tilt  table. 

The  drop  tower  and  aircraft  techniques  have  the  distinct 
disadvantage  of  high  cost,  low  accuracy,  and  short  test  time 
duration . 

Mass  attraction  techniques  involve  precise  motion  of 
large  masses  and  are  usually  limited  to  the  10"^  and  10~10  range. 

The  precision  centrifuge  and  tilt  table  are  fairly 
compact  and  offer  the  advantage  of  large  dynamic  range,  and  a 
well  defined  null  or  zero  input. 

The  tilt  table  offers  the  additional  advantage  of  readily 
changing  the  input  level  in  small  increments  for  linearity 
measurement,  and  does  not  require  slip  rings  to  transport  signals 
and  power  to  the  instrument  under  test. 

The  tilt  table  provides  the  means  for  coupling  a  known 
portion  of  the  local  1  g  acceleration  force  into  the  sensitive 
axis.  The  accelerometer  axis  is  tilted  from  its  true  horizontal 
or  zero  g  position  by  a  known  angle.  The  accuracy  to  which  this 
angle  can  be  generated,  maintained,  measured,  and  repeated 
determines  the  final  accuracy  of  calibration.  This  latter  method 
has  been  used  extensively  by  Bell  Aerospace,  and  an  automated 
version  of  this  technique  is  the  subject  of  this  paper. 
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DEVELOPMENT  OF  TILT  ANGLE  GENERATION 


II  . 


In  the  earlier  days  of  inertial  grade  accelerometer 
development,  the  basic  tool  used  to  generate  and  measure  small 
angles  was  the  dividing  head.  This  device  was  designed  pri¬ 
marily  for  use  in  the  machine  and  tool  industry.  It  was  well 
suited  for  accelerometer  calibration  since  it  was  readily  avail¬ 
able  and  represented  a  fairly  massive  stable  test  stand  when 
properly  isolated  from  local  man-made  disturbances. 

The  dividing  head  was  used  from  about  1955  to  1965  for 
all  accelerometer  measurements.  Its  basic  accuracy  was  two 
seconds  of  arc  plus  an  additional  one  to  two  seconds  for  reading 
accuracy.  This  later  error  was  dependent  on  the  condition  of 
the  optics  within  a  particular  dividing  head  plus  the  operator's 
ability  to  read  the  dial  calibration  marks.  Therefore,  the 
worst  case  accuracy  was  four  seconds  with  the  average  slightly 
greater  than  two  seconds.  Converted  to  g's,  this  represented 
a  measurement  accuracy  in  the  range  of  10  to  20  micro  g's. 

By  1965,  requirements  to  produce  instruments  with  full 
scale  input  limits  of  1000  micro  g's  and  accuracies  of  0.1% 
of  full  scale  (one  micro  g)  became  common.  Since  this  was  well 
beyond  the  capability  of  the  dividing  head,  optical  auto¬ 
collimators  were  evaluated  as  a  means  to  improve  the  angle 
measuring  accurcy  to  the  required  one  micro  g.  A  number  of 
automatic  and  manual  models  from  several  well  known  manufac¬ 
turers  were  evaluated.  Stability  and  reading  error  were  noted 
under  actual  test  conditions.  The  automatic  or  null  seeking 
versions  had  excellent  readout  capability  but  suffered  from 
repeatability  and  reliability  problems.  Since  the  servo  loops 
were  used  at  relatively  high  gain,  the  mechanical  portions  of 
the  units  suffered  from  wear  due  to  continuous  motion  under 
noisy  test  base  conditions. 

The  manual  versions,  although  more  difficult  to  read, 
were  far  superior  in  this  respect  since  they  had  no  active 
electronic  circuits,  motors  or  gear  trains.  In  addition,  the 
cost  of  manual  models  was  only  20%  of  that  of  the  automatics. 

The  accelerometers  were  still  mounted  to  the  dividing 
head  together  with  a  mirror  which  was  viewed  by  the  autocol limator 
Accuracy  thus  obtained  was  an  order  of  magnitude  improvement  over 
the  dividing  head.  Each  division  on  the  readout  dial  represented 
0.1  second  of  arc.  The  reading  error  added  at  least  another  0.1 
second  to  give  an  overall  accuracy  of  0.2  second  of  arc  with  worst 
case  being  in  the  order  of  0.4  second.  Converted  to  g's  this 
represented  a  measurement  accuracy  in  the  range  of  1  to  2  micro  g' 


During  the  1967-1970  period,  requirements  for  even 
greater  accuracy  surpassed  the  capability  of  the  optical  auto¬ 
collimator.  Accelerometers  with  full  scale  input  limits  of  100 
micro  g's  and  accuracies  of  0.1%  now  became  common  requirements. 

This  meant  angle  generation  and  measurement  had  to  improve  another 
order  of  magnitude.  To  meet  these  new  requirements  improved 
versions  of  the  autocollimator  and  several  optical  interferometers 
were  studied  and  evaluated.  The  interferometer  appeared  to  offer 
the  most  promise  in  both  accuracy  and  readout  ability.  The  avail¬ 
ability  of  laser  interferometers  with  automatic  fringe  counting 
and  outputs  adaptable  to  recording  proved  to  be  the  solution. 

The  laser  interferometer  can  readily  resolve  angles  down  to  .006 
second  of  arc.  Converted  to  g's,  this  represents  a  basic  measure¬ 
ment  accuracy  of  .03  micro  g.  The  automated  version  of  a  test 
stand  designed  specifically  for  this  application  was  completed 
in  1973  and  is  currently  being  used  to  calibrate  accelerometers 
with  full  scale  input  limits  as  low  as  10  micro  g's.  It  represents 
the  result  of  a  10  year  company  program  to  improve  low  g  measurement 
accuracy. 


Ill .  OPERATIONAL  FEATURES  OF  THE  LASER  TEST  STAND 

To  measure  ancles,  the  laser  is  used  as  a  distance  measuring 
device.  For  small  angles  the  proportion  of  the  earth's  one  g  force 
coupled  into  the  accelerometer  sensitive  axis  is  equal  to  the  tilt 
angle  in  radians.  For  angles  less  than  .05  radian  the  force 
is  a  linear  function  of  distance.  Figure  1  illustrates  the  basic 
principle  involved. 


Figure  1.  Distance  to  Angle  Conversion 


The  change  in  distance  D,  (AD) ,  is  measured  by  the  laser. 
With  R  known,  the  change  in  input  acceleration  (AG)  is  equal  to 
AD/R. 


The  smallest  increment  of  AD  which  can  be  resolved  is 
dependent  on  the  laser  wavelength  which  in  this  case  is  24.9 
micro  inches.  The  counter  is  mechanized  to  change  a  single  digit 
for  each  1/40  wavelength  or  0.6225  micro  inch. 

With  R  equal  to  18.675  inches  and  A/40  =  0.6225  micro 
inches,  g  =  0.6225/18.675  x  10“®  or  .033  micro  g  per  digit  change 
in  the  last  place  of  the  counter.  Expressing  the  scale  factor 
in  terms  of  laser  count  pulses  (LCP)  per  micro  g  is  somewhat  more 
convenient.  In  the  example  given,  the  scale  factor  is  30  LCP 
per  micro  g. 

Assume  the  scale  factor  linearity  of  an  accelerometer 
with  input  limits  of  +100  micro  g's  is  to  be  measured  at  10  points 
on  each  side  of  null  corresponding  to  10  micro  g  steps.  The  coarse 
and  fine  tilt  motors  are  manually  controlled  to  adjust  the  accel¬ 
erometer  output  to  a  null.  The  laser  counter  is  reset  to  zero 
to  coincide  with  the  null.  The  tilt  control  motors  are  now  adjusted 
until  the  laser  counter  reads  +300  corresponding  to  an  input  of 
+10  micro  g's.  The  accelerometer  output  (voltage,  current,  or 
pulse  rate)  is  now  averaged  and  recorded  over  the  desired  sample 
period  which  is  typically  between  1  and  100  seconds.  At  the  end 
of  the  sample  period  the  tilt  motors  return  the  accelerometer  to 
null  and  a  new  output  sample  is  taken  at  null.  Each  measurement 
point  thus  has  associated  with  it  a  null  reading  to  make  them 
independent  of  any  slow  base  tilt  over  long  periods  of  time. 

A  single  sample  recorded  at  each  point,  along  with  input 
and  time  is  the  simplest  form  of  scale  factor  linearity  data. 
Additional  samples  at  each  point,  averages,  sigmas,  temperatures 
are  some  of  the  other  data  which  are  normally  taken  depending  on 
what  the  calibration  specification  requires.  The  printed  output 
in  the  simple  example  given  would  appear  as  follows: 

Time  Laser  Count  Digital  Output  (pps) 

MO : DY : HR : MN : SEC 


02:15:15:31:05 

89^ 

1(A  =  301) 

742. 99> 

i  A  =  2525.72 

02:15:15:33:21 

39oJ 

f 

3268.71 J 

f 

02:15:15:35:44 

90^ 

(A  =  602) 

449. 40^ 

>  A  =  4998.86 

02:15:15:37:55 

692J 

5448.26 J 
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Note  that  for  two  successive  samples  the  input  changed 
1  count  at  null.  The  scale  factor  on  this  particular  instrument 
was  a  nominal  250  pps/micro  g. 

The  first  input  nominally  10  yg,  was  actually  (390-89)/30 
or  10.033  yg.  The  output  changed  3268.71  -  742.99  or  2525.72  pps . 
The  resultant  scale  factor  in  pps/yg  at  10  yg  input  was  2525.72/ 
10.033  or  251.74  pps/yg.  The  next  input,  nominally  20  yg,  was 
actually  (692-90)/30  or  20.067  yg.  The  output  changed  5448.26  - 
449.40  or  4998.86  pps.  The  resultant  scale  factor  in  pps/yg  at 
20  yg  input  was  4998.86/20.067  or  249.11  pps/yg. 

A  continuation  of  this  process  for  both  plus  and  minus 
inputs  will  yield  the  scale  factor  linearity  over  the  entire 
+100  yg  range. 


IV.  PERFORMANCE  FEATURES 

Inherently  the  laser  has  zero  linearity  error.  Unlike 
the  autocollimator  and  dividing  head,  the  accuracy  is  not  depen¬ 
dent  on  dial  calibrations  or  gear  trains,  so  there  is  no  backlash 
or  wind-up  error  to  accumulate.  The  accuracy  is  dependent  on 
the  stability  of  the  wavelength  and  tilt  arm  radius  R. 

The  laser  measures  only  the  tilt  angle  of  the  test  stand 
with  respect  to  the  surface  on  which  the  fixture  is  mounted.  It 
is  insensitive  to  tilt  of  the  stable  base  on  which  it  rests. 
Normally  a  calibration  point  can  be  taken  in  a  fairly  short  time 
(less  than  3  min.).  In  this  case,  base  tilt  is  negligible  and 
may  be  ignored. 

The  accuracy  of  the  measurement  is  dependent  on  the 
accuracy  to  which  R  and  A  are  known  and  controlled.  R  can  be 
physically  measured  to  an  accuracy  of  +.001  inch  or  .005%  of  R. 

The  wavelength  A  is  determined  by  the  long  term  stability  of 
helium-neon  laser.  It  is  expressed  in  terms  of  frequency  devi¬ 
ation  from  the  neon  twenty  emission  line.  After  warm-up  it  is 
+1  MHz  per  day.  This  is  one  part  in  5  x  10®  or  +0.00002%  of  the 
laser  frequency. 

When  measuring  large  distances  (10  to  100  f+)  the  laser 
wavelength  varies  in  the  transmission  medium  and  must  be  corrected 
for  temperature  and  pressure.  In  this  application  the  trans¬ 
mission  path  is  1/2  inch  and  is  enclosed  in  a  mylar  sleeve  which 
fits  loosely  over  the  end  of  the  laser  and  retroref lector .  This 
serves  a  dual  purpose  in  that  it  gives  the  effect  of  a  temperature 
controlled  transmission  medium  (air)  and  also  prevents  convection 
currents  from  effecting  the  stability. 


5 


In  addition  to  the  precautions  against  wavelength  vari¬ 
ation,  the  test  stand  is  temperature  compensated  by  small  equal 
length  aluminum  blocks  which  form  a  part  of  the  fixture.  This 
assures  equal  expansion  on  each  end  to  prevent  tilt  due  to 
temperature  change  of  the  fixture.  The  remainder  of  the  fixture 
is  steel. 

Stability  tests  have  given  extremely  good  results.  The 
output  count  was  recorded  continuously  for  a  one-week  period  and 
remained  within  +1  count  or  +3.3  x  10“®g.  Periods  of  no  count 
change  were  observed  for  as  long  as  36  hours. 

An  independent  check  on  the  scale  factor  of  the  laser 
expressed  in  laser  count  pulses  (LCP)  per  micro  g  was  made  using 
a  large  number  of  readings  (120)  of  an  autocollimator  viewing  a 
mirror  mounted  on  the  side  of  the  fixture.  The  autocollimator 
was  adjusted  to  utilize  only  the  10%  to  90%  portion  of  its  full 
range.  Using  10  sets  of  12  readings  each  gave  a  scale  factor  of 
30.01  laser  count  Dulses  per  micro  q.  Peak-to-peak  variations 
in  the  10  sets  were  1  part  in  6000  and  6  of  the  10  were  within 
3  parts  in  60,000  or  .005%. 

The  tilt  fixture  and  laser  are  controlled  by  an  HP  9825A 
system  controller.  The  calibration  schedule  or  test  program  is 
recorded  on  the  controller  tape  cassette.  The  accelerometer 
under  test  is  placed  within  a  thermally  insulated  container  on 
the  tilt  table  bed.  Power  is  applied  and  the  program  is 
automatically  executed  in  accordance  with  the  taped  instruction. 

The  first  application  of  this  device  was  to  measure  scale 
factor  linearity  and  temperature  coefficient  of  a  3  axis  electro¬ 
static  accelerometer.  Each  axis  in  turn  had  3  ranges  or  scales. 

The  program  called  for  a  total  of  1752  measurement  points  including 
several  24-hour  power  off  periods  to  verify  scale  factor  repeatability. 

Before  adding  the  9825  controller  the  temperature,  acceler¬ 
ometer  range,  tilt  adjustment  and  output  data  recording  were  done 
manually.  In  the  case  of  the  three  axis  accelerometer  this  required 
approximately  240  man-hours,  or  16  hours  a  day  for  15  days  with 
an  elapsed  time  of  21  days.  After  automation  the  same  test  was 
performed  with  12  man-hours  and  6  days  of  elapsed  time. 

The  number  of  computations  that  can  be  performed  on  the 
data  by  the  9825  is  nearly  unlimited.  Typical  examples  of  the 
extent  to  which  this  can  be  carried  are  presented  in  Section  VI. 
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LASER  TEST  STAND  SPECIFICATIONS 


Range : 

+12,000  micro 

g '  s 

Resolution : 

3.3  x  10~8  g 

Accuracy: 

+3.3  x  10~8  g 

Laser : 

Manufacturer : 

Hewlett-Packard 

Model : 

5501A 

Type : 

Helium-Neon 

Wavelength : 

24.91414  micro  inches 

Controller: 

Manufacturer : 

Hewlett-Packard 

Mode 1 : 

9825A 

Test  Fixture: 

Manufacturer: 

Bell  Aerospace 

Temperature  Control: 

Manufacturer 

Landa 

Model : 

K2R 

Range : 

0 °F  to  160 °F 

Accuracy 


+. 05°F 


VI. 


TEST  RESULTS 


The  laser  test  stand  was  developed  to  test  a  variety  of 
inertial  grade  accelerometers.  The  most  challenging  application 
to  date  has  been  a  three  axis  low  g  electrostatic  accelerometer. 
Test  results  using  this  instrument  as  well  as  a  higher  g 
pendulous  accelerometer  will  be  described. 

1.  Electrostatic  Accelerometer  Test 


The  Miniature  Electrostatic  Accelerometer  (MESA)  was 
the  first  instrument  to  use  the  test  stand.  This  particular 
version  was  a  three  axis,  three  scale  per  axis  device  as  shown 


below. 

+Full  Scale 

Axis 

Range 

(Micro  g's) 

X  and  Y 

A 

6000 

X  and  Y 

B 

600 

X  and  Y 

C 

60 

Z 

A 

15,000 

Z 

B 

900 

Z 

C 

60 

The  scale  factor  linearity  on  each  range  was  measured 
at  temperatures  of  70,  80,  90,  and  105°F.  The  input  levels  on 
each  range  were  +20%,  +40%,  +60%,  and  +80%  of  full  scale. 

In  addition  to  the  required  calibration  schedule,  several 
tests  near  null  on  the  C  (+60  pg  FS)  range  were  made  to  determine 
linearity  and  reasonable  sTgma  values  that  could  be  expected. 

These  were  run  at  input  levels  of  +3,  +6,  +9,  and  +  12  micro  g's. 

Typical  data  printout  for  one  input  level,  temperature 
axis,  and  range  are  shown  in  Figure  2. 

Starting  at  the  top  of  the  page,  the  instrument  serial 
number,  year,  and  analog  voltage  correction  factor  are  printed  out 
The  correction  factor  is  required  to  compensate  for  the  input 
impedance  of  a  voltmeter  which  monitors  the  temperature.  The  test 
temperature  in  this  case  is  90°F.  The  range  is  C  or  +60  micro  g's 
in  the  Z  axis. 
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UNCLASSIFIED  ADTC-TR-79-11-V0L-1  NL 


INSTRUMENT  :  MESA  S/N  4 
YEAR=1979 

ANALOG  V  CF  =  1.003040 


TESTING  AT  90°F 
TESTING  C  RANGE 
Z  AXIS 


TIME 

LASER 

COUNT 

DIGITAL 

OUTPUT 

ANALOG 

OUTPUT 

TEMPERATURE 

MONITOR 

MO : DY : HR : MN : SEC 
02:20:13:04:21 

441506 

-15581 

-0.088431 

2.76194 

02:20:13:06:31 

442948 

-1112366 

-6.362267 

2.76092 

02:20:13:08:57 

441506 

-12531 

-0.070990 

2.76021 

02:20:13:11:10 

442950 

-1114005 

-6.371698 

2.75965 

02:20:13:13:36 

441504 

-10131 

-0.057312 

2.75915 

02:20:13:15:44 

442950 

-1114692 

-6.375543 

2.75880 

02:20:13:18:05 

441503 

-14523 

-0.082464 

2.75845 

02:20:13:20:13 

442944 

-1115256 

-6.378814 

2.75815 

02:20:13:22:35 

441498 

-18221 

-0.103610 

2.75791 

02:20:13:24:44 

442936 

-1112652 

-6.363830 

2.75765 

02:20:13:27:07 

441499 

-16743 

-0.095225 

2.75745 

02:20:13:29:18 

442936 

-1116167 

-6.383975 

2.75724 

TEST  AT  THIS  LEVEL  IS  SUCCESSFUL 
INPUT  =  -48  MICRO  G'S 


DIGITAL  DATA  ANALOG  DATA  TEMPERATURE  DATA 

PULSES/SEC.  VOLTS  VOLTS 


-10965.54 

-6.2916 

2.7625 

-10997.17 

-6.3098 

2.7610 

-11012.74 

-6.3186 

2.7601 

-11012.65 

-6.3185 

2.7594 

-10972.44 

-6.2954 

2.7589 

-11030.17 

-6.3285 

2.7584 

AVERAGE  = 

-10998.451 

AVERAGE=-6. 31039  AVERAGE 

SIGMA 

25.191 

SIGMA  =  0.01442 

SIG/AVE  = 

0.00229 

SIG/AVE=  0.00229 

2.7601 


FIGURE  2 


The  next  five  columns 
(laser  count) ,  digital  and  analog 
monitored  by  a  thermistor  mounted 


are  time,  input  acceleration 
output,  and  temperature  as 
on  the  accelerometer  case. 


The  sample  period  was  100  seconds  at  each  data  point. 


It  is  not  necessary  that  the  input  be  set  to  the 
exact  value  desired  since  this  would  result  in  excessive  test 
t  ime . 


For  each  set  of  null  and  input  data,  the  computer 
normalizes  the  analog  and  digital  output  to  the  values  corres¬ 
ponding  to  the  exact  desired  input  change  which  was  48  micro  g's 
in  the  sample  shown. 

The  program  called  for  six  readings  at  each  input 
level.  The  digital  sigma  limit  was  set  at  50.  In  the  event  that 
this  limit  was  exceeded  in  six  readings,  up  to  six  additional 
readings  were  taken  and  the  sigma  recomputed.  A  limit  of  12 
readings  was  set  at  each  point  in  the  event  that  a  particularly 
noisy  base  condition  was  encountered.  The  input  in  this  case 
was  a  nominal  48  micro  g's  corresponding  to  an  input  count 
change  of  1440. 

After  completing  the  six  readings,  the  normalized 
average  output  pulse  rate,  analog  voltage,  and  temperature  for 
each  of  the  six  readings  were  computed  and  printed. 

The  average,  sioma,  and  sigma/average,  for  the  six 
readings  were  now  computed  and  printed. 

This  data  represents  one  of  a  total  of  148  input 
levels  measured. 

2.  Model  XI  Pendulous  Accelerometer 


Tests  were  conducted  on  the  Model  XI  Pendulous 
Accelerometer  using  the  laser  test  stand.  The  tests  were  per¬ 
formed  in  a  manner  similar  to  standard  dividing  head  multipoint 
tests.  The  tests  were  run  in  the  following  sequence:  0  g  to  -full 
test  range  to  +full  test  range  to  0  g.  The  data  was  then  fitted 
to  a  straight  line  using  a  least  squares  fit.  The  residual  errors 
are  shown  in  Figures  3  through  6  for  runs  from  100  ug  full  test 
range  to  10,000  Pg  full  test  range.  These  residual  errors  are 
comprised  of  the  following: 

1)  Readout  equipment  linearity  errors 

2)  Readout  equipment  resolution  of  0.1  pg 
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3)  Accelerometer  linearity  errors 


4)  Temperature  sensitivity  of  accelerometer  and 
laser  test  stand 

5)  Null  stability  of  accelerometer  and  laser  test 
stand. 
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INPUT i 


-100 

pg 


OUTPUT 
(ERROR) 
+  0.5-1 


-0.5 

pg 


FIGURE  3. 


M0DEL  XI,  S/N  023 


S-D-  -  o.ll 


DATA  from  -loouq 


OUTPUT 

(ERROR) 

+  0.  5—, 

pg  I 


INPUT 


-500 

pg 


V 


s-0.  =  0.27 


-0.5 

ug 


FIGtJRE  4.  Module 


^1,  S/N  023 


DATA  FROM  -snn  ,  m 

3U0  Jjg  TO  +c 


A  > 
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A  Prm  ision  ku -Band  KM  CW  Range  Measurement 
System  wm  designed  and  built  by  Cuba  lor  the  Naval 
lb  mu  Systems  Center  to  tost  and  evaluate  its 
effei  tiveness  as  a  landing  gunl  im  e  system  for  VTOl. 
aircraft  Primary  equipment  consisted  of  an 
interrogator,  transponder,  control  and  display  console, 
and  government  furnished  antennas  and  computer  The 
system  operated  on  the  principle  that  a  continuous- 
wave  signal  modulated  onto  a  radio-frequency  carrier 
amt  propagated  through  free  spat  e  undergoes  a  phase 
shift  that  <  an  tie  measured  to  provide  slant  range  lest 
results  conclusively  indicate  that  the  system  provides 
more- than  adequate  accuracy  for  the  ranging  require¬ 
ments  of  a  VTOL  landing  guidance  system. 

INTRODUCTION 

I  his  paper  describes  (V)  the  precision  kit  Hand  KM  CW 
Range  Measurement  System,  with  unique  features, 
developed  bv  Cubic  for  the  Naval  Ocean  Systems  ('enter 
(NOSi'l.  and  (2)  the  testing  anil  evaluation  of  this  system 
by  NOSC  ns  the  ranging  information  source  (sensor)  of  a 
landing  aid  for  vertical  takeoff  and  landing  (VTOI-I  air¬ 
craft  A  complete  landing-aid  sy  stem  would  also  include 
a  tracking  antenna,  w  hich  is  not  described  in  this  paper. 

An  approach  and  landing  guidance  system  is  essential 
for  landing  helicopters  and  VTOl.  aircraft  on  ships  The 
system  must  provide  coverage  from  approximately  5 
miles  to  touchdown  under  clear  and  adverse  weather 
Weather  conditions  include  heavy  rain,  zero  ceilings, 
and  horizontal  visibility  of  less  than  7(X)  feet  Because  of 
the  small  moving  landing  spot  and  the  lack  of  maneuver¬ 
ing  space  on  ships  not  designated  as  aircraft  carriers, 
sensor  no  uracy  must  be  (Hitter  than  *  1  foot  in  position 
and  t  l  foot  per  second  in  velocity  ,  at  an  instate  rate  of 
10  times  per  second  during  the  last  few  hundred  feet 
Indore  touchdown  In  addition,  these  stringent  accuracy 
requirements  must  Ihi  achieved  under  conditions  of 
extreme  multipath  reflections  contaminating  the  direct 
radiation  Both  the  ocean  surface  and  the  superstruc¬ 
ture  of  the  ship  contribute  to  these  reflections. 

The  precision  range  measurement  system  developed  hy 
ruble  consists  of  a  surface  interrogator  and  airborne 
transponder  fhe  system  incorporates  frequency  modu¬ 


lation  of  the  ku-Band  transmitter  to  achieve  precision 
range  measurement.  A  variable  modulation  index 
feature  was  used  to  study  the  ranging  accuracy  at 
various  modulation  indexes,  or  spectrum  widths,  under 
extreme  multipath  conditions 

Testing  was  i  onducted  at  three  locations  to  evaluate 
accuracy  under  the  following  general  environmental 
conditions  (1|  tests  were  made  over  a  wire-screen 
ground  plane  located  at  NOSt '  on  Point  l.nma  to  simulate 
conditions  near  and  over  the  landing  pjatlorm  of  small 
ships.  (2)  tests  were  conducted  over  water  from  Ballast 
Point  io  North  Island  —  a  distance  of  tilth  meters  —  to 
simulate  low-angle  approai  h  over  water  to  the  landing 
platform,  and  (.()  flight  lusts  were  conducted  with  vari¬ 
ous  approach  patterns  and  aircraft  altitudes,  using  the 
NASA  Wallops  Island  Laser  Tracking  System  as  a  rang¬ 
ing  comparison  standard 

Static  tests  under  extreme  multipath  conditions 
indicated  system  accuracy  to  1h*  within  2  to  3  inches 
Analy  sis  of  this  and  other  tests  results  leads  to  the  con¬ 
clusion  that  the  Precision  Range  Measurement  System 
more  than  adequately  meets  the  requirements  for  the 
ranging  information  source  of  a  VTOl.  guidance  and 
landing  system. 

SYSTEM  DESCRIPTION 

The  ku-Band  KM  CW  Precision  Range  Measurement 
System  consists  of  an  interrogator,  a  transponder,  a 
control  and  display  console,  and  the  appropriate  inter¬ 
connecting  cables.  Antennas.  RK  waveguides  and 
computer  were  government-furnished  equipment. 
Figure  1  show  s  the  items  supplied  by  Cubic  and  the  HP 
(I825A  computer  A  block  diagram  of  the  system  is 
shown  in  Figure  2. 

INTERROGATOR  —  I'he  interrogator  (Figure  1 1 
functions  as  the  master  station  in  an 
interrogator  transponder  arrangement.  Accordingly, 
the  interrogator  contains  the  majority  of  frequency 
control,  timing,  and  phase  measurement  circuits,  and 
the  data  processing  logic.  II  includes  an  internal  power 
supply  for  operation  from  a  standard  US  Vac  power 
source.  The  interrogator  is  packaged  in  a  standard  ATR 
case. 


Figure  1  FM/CW  Precision  Range  Measurement  System  with  HP  9825 A  Computer 


CONTROL  AND  DISPLAY  CONSOLE  -  The  control  and 
display  console  (Figure  1)  rontains  tha  operator 
mode  and  fuiu'tion  cntrols  and  provides  display  of 
resolved  decimal  range,  octal  range  partials.  overlap 
corrections,  relative  signal  strength,  a  data  quality 
tfagit.  and  discrete  data  quality  factors.  The  console  also 
contains  the  system  control  logic,  temporary  data 
storage.  binary-to-BCD  conversion  circuits,  and  the 
interface  circuits  for  a  computer  Packaged  as  a 
compact  unit  intended  for  desk-top  operation,  it  may  be 
mounted  in  a  standard  19-inch  rack  if  desired. 

TP AN  SPONDEE  —  The  transponder  (Figure  1)  receives 
signals  from  the  interrogator  and  processes  and 
retransmits  the  signals  automatically  under  control  of 
the  received  signals.  The  only  operator  controls  on  the 
transponder  are  the  power  switch  and  the  circuit 
breakers.  The  transponder  will  bperate  from  either  a 
standard  113  Vac  power  source.'  or  any  one  of  several 
possible  ♦  28  Vdc  power  sources.  Housed  in  a  portable 
case,  it  is  suitable  for  mounting  in  a  helicopter  or  other 
vehicle. 

SYSTEM  OPERATION  —  The  Ku  Band  FM/CW 
Precision  Range  Measurement  System  provides  precise 
resolved  range  data  to  a  computer  at  a  data  rate  of  20 
samples  per  second.  In  addition,  the  system  displays  the 
resolved  range  data  and  the  unresolved  range  partials 
from  four  digital  rang''- servo  phasemeters.  The  range 
resolved  data  x  displayed  to  a  resolution  of  23 
millimeters,  i  he  system  maximum  unambiguous  range 
is  1 04,837. 6  meters. 

The  range  measuring  circuitry  of  the  FM/CW  DME 
operates  on  the  principal  that  a  CW  electromagnetic 
wave  propagated  through  space  undergoes  a  phase 
change  proportional  to  the  distance  travelled. 

The  phase  of  the  modulating  frequencies  transmitted  by 
the  interrogator,  received  and  coherently  retransmitted 
by  the  transponder,  and  received  by  the  interrogator, 
are  compared  in  the  interrogator  with  the  phase  of  the 
signals  originally  transmitted.  The  measured  phase 
differences  are  converted  to  the  analogous  one-way 
distance  between  the  interrogator  and  the  transponder. 


The  system  is  capable  of  taking  une  range  measurement 
every  50-milliseconds 

Four  simultaneous  modulating  frequencies  are  used  for 
range  measurement  —  each  frequency  providing  a 
progressively  more  precise  measurement  The  phase 
shift  for  each  modulating  frequency  (or  "range  tone”)  is 
measured  in  digital  servo  phasemeters.  Arithmetic  logic 
in  the  interrogator  resolves  the  corresponding 
ambiguities,  provides  automatic  correction  for 
interrogator  calibration  constants,  and  provides  correc¬ 
tion  for  fixed  calibration  constants.  The  output  of  the 
arithmetic  processor  is  a  binary  resol  veil  range  word. 
22  bits  in  length,  with  a  maximum  nonambiguous  range 
of  104.857.6  meters,  and  a  resolution  of  25  millimeters 

The  arithmetic  processor  also  provides  binary  outputs 
of  overlap  corrections  between  the  various  adjacent 
range  partial  inputs  from  the  digital  servo  phasemeters 
The  overlap  corrections  ami  the  binary  range  data  are 
transmitted  to  the  control  and  display  console  where 
they  are  converted  to  numerical  displays. 


Figure  ?.  FM/CW  Precision  Range 
Measurement  Mock  Diagram 
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Thu  control  and  display  console  provides  the  operutor 
with  displays  of  data  from  the  interrogator,  contains  the 
controls  for  selecting  system  modes  and  functions,  and 
provides  the  interface  for  data  and  control  signals 
between  the  system  and  the  HP  9B25A  computer 

Provision  is  made  in  the  system  design  to  facilitate 
varying  the  range  modulation  index  from  1  0  to  12.0  in 
order  to  investigate  the  effects  of  modulation  index  on 
range  accuracy  Since  the  system  accuracy  and 
immunity  to  multipath  effects  improve  as  the  modulation 
index  anil  consequent  bandwidth  are  increased  this 
capability  was  used  to  optimize  the  tradeoff  between 
system  accuracy  and  spectrum  bandwidth  require¬ 
ments  under  reahstu  operating  conditions 

SYSTEM  INTERFACE  WITH  HP-9825A  COMPUTER  — 

Although  the  interrogator  is  normally  controlled  from 
the  control  and  display  console,  it  is  possible  to  inter¬ 
face  the  interrogator  directly  with  a  computer,  and  to 
provide  interrogator  control  via  the  computer  Ihe 
interrogator  is  compatible  with  IFiFK-488-75  (or  HP-IB) 
interface  It  is.  therefore,  onlv  necessary  tc  provide  a 
suitable  interconnecting  <  able  with  proper  connectors 
to  interface  the  interrogator  into  such  systems 


THEORY  OF  OPERATION 


ponder,  retransmitted  by  the  transponder,  then 
received  and  demodulated  by  the  interrogator  rei  invar 
so  that  the  round-trip  phase  delay  can  tie  measured  and 
converted  to  range 

The  basil  system  is  designed  to  operate  on  a  50 
millisecond  time-shared  cycle,  w  herein  the  interrogator 
may  lake  range  information  from  any  of  several  trans¬ 
ponders  during  sequential  time  periods  In  testing 
however,  only  one  transponder  was  required  and  all 
range  data  samples  were  taken  from  this  transponder 
In  normal  operation,  most  of  the  interrogations  are 
ranging  sequences  where  the  interrogator  measures  the 
slant  range  to  Ihe  transponder  Periodically,  however, 
the  system  orders  a  calibration  sequence  where  the 
interrogator  interrogates  an  internal  circuit  in  Ihe  HF 
front  end  in  order  to  measure  phase  delays  within  the 
interrogator  The  normal  sequence  provides  for  2D4B 
range  data  samples,  then  four  calibration  data  samples 
—  this  cycle  lieing  continuously  repeated. 

For  nonambiguous  measurements,  the  modulating  signal 
wavelength  must  be  long  enough  so  that  the  largest 
measurable  phase  delay  (i.o..  one-half  wavelength)  cor¬ 
responds  to  the  maximum  range  to  lie  measured.  For 
good  resolution,  however,  a  short  wavelength  is  needed 
so  that  the  smallest  measurable  phase  delay  corres¬ 
ponds  to  a  small  increment  of  range. 


Ihe  FMCW  Precision  Range  Measuring  System 
operates  on  the  principle  that  a  continuous-wave  signal 
modulated  onto  a  radio-frequency  carrier  and 
propagated  through  free  space  undergoes  a  phase  shift 
directly  proportional  to  distance  traveled,  in  units  of 
mislulatnm  wavelength  The  phase  shift  is  independent 
of  carrier  frequency,  and  can  bo  measured  in  an  elec¬ 
tronic  phasemeter  and  converted  to  a  measurement  of 
one-way  distance  (slant  range) 

A  frequency  synthesizer  in  the  interrogator  generates 
the  range  modulation  that  is  transmitted  to  the  trans¬ 


Four  harmonically  related  frequencies  ("range  tones  'l 
are  used.  The  highest  frequency  (or  "fine"  tone) 
establishes  the  system  resolution.  Ihe  lowest  frequency 
(or  "very  coarse"  tone)  establishes  the  maximum  range; 
and  the  two  in-between  tunes,  (designated  "interme¬ 
diate"  and  ’coarse")  permit  the  range  ambiguities 
tietw  een  fine  and  very  coarse  to  be  successively 
resolved  Stated  another  wav.  the  very  coarse  tone  puts 
vou  in  the  ball  park,  the  coarse  tone  locates  your  sec¬ 
tion.  the  intermediate  tone  finds  your  row.  and  the  fine 
tone  puts  you  in  your  seat.  The  characteristics  of  the 
four  range  tones  used  by  the  FM  CW  Precision  Range 
Measurement  System  are  listed  in  Table  1. 


TABLE  1 

Range  Tone  Characteristics 


Half  Wavelength 

Resolution 

Designation 

Frequency  (kHz) 

(Motors) 

(Meters) 

Fine  (FN) 

5.853  448 

25.6 

0.025 

Intermediate  (INT) 

.165  841 

409.6 

1.6 

Coarse  (C.S) 

22  865 

6.553.6 

25.6 

Very  Coarse  (VC) 

1.429 

104.857  6 

409.6 

TABLE  2 

Range  Modulation  Frequencies 

Symbol 

Frequency  (kHz) 

Derivation 

Modulation  Index 

or 

5.853.448 

FN 

Variable  to  12.0  max. 

1)2' 

365.841 

INT 

2 

D3‘ 

388.706 

INT  ♦  CS 

2 

D4' 

341.547 

INT  -  (CS  +  VC) 

2 

liecause  uf  Ihu  filtering  problems  that  would  bu  involved 
if  frequencies  of  Hurh  widu  variation  us  ihu  basic  range 
tonus  wuru  to  I  hi  trnnsmittud  and  coherently  tracked, 
>hu  two  lowest  frequency  tonus  are  folded  around  the 
mtermedinte  fru(|uun<  y  using  digital  mixing  techniques. 
1  he  resultant  range  modulation  frequencies  are  shown 
m  Table  2 

The  three  lowest  frequencies  |L)2\  D3\  and  1)4  )  are 
then  added  linearly  to  produce  the  composite  range 
modulation  baseband.  The  fine  frequencies  (Dt  | 
modulates  the  carrier  separately.  liecause  a  lurge 
modulation  index  is  used  for  L)T  to  minimize  multipath 
error,  the  modulating  signals  are  applied  gradually  to 
the  carrier  to  prevent  losing  carrier  loop  lock  at  the 
transponder  The  modulating  signals  are  "ramped"  onto 
the  carrier  during  a  7-millisecund  ramp  period.  I  hu 
modulated  carrier  is  transmitted  to  the  transponder. 

The  transponder  acquires  and  phase-locks  to  the 
interrogator  carrier,  demodulates  and  filters  the 
modulation  frequencies,  recombines  the  three  lowest 
frequencies,  and  applies  the  resulting  baseband  signals 
to  its  phase  modulators.  The  transmitted  signal  is  also 
used  as  the  first  local  oscillator  (1.0)  frequency  for  the 
transponder  receiver.  Therefore,  a  "modulation 
tracking”  effect  is  achieved  within  the  receiver.  (During 
shop  alignment,  the  phase  of  each  modulating  frequmn  y 
is  adjusted  to  provide  negative  feedback  within  the 
receiver  circuits  of  the  transponder.)  The  transponder 
then  retransmits  the  signal  on  the  transponder  transmit 
frequency 

The  interrogator  receiver,  in  a  manner  similar  to  the 
transponder  receiver,  demodulates  and  separates  the 
four  ranging  frequencies,  recombines  the  three  lowest 
frequencies,  and  uses  the  resultant  signals  to  phnse- 
modulato  the  VCl)  signal  that  generates  the  receiver 
first  1.0  frequency,  providing  a  negative  feedback  type 
modulation  tracking  loop  The  individual  tones  derived 
from  the  demodulated  transponder  signal  (which  are 
now  designated  1)1  through  1)4.  corresponding  to  the  Of 
through  1)4'  signals  originally  transmitted)  are  also 
translated  to  a  common  range  servo  frequency  of  1 1  432 
kHz  through  use  of  digital  mixers  and  phase-locked 
loops.  The  Dl'  through  1)4'  longinally  transmitter!)  fre¬ 
quencies  are  used  as  references.  The  range  servos 
themselves  are  phase-lock  limps  incorporating  8-  and 
10-bit  counters  in  their  feedback  limps.  The  throe 
lowest-frequency  range  servos  each  divide  their  respec¬ 
tive  measured  phase  delay  into  256  parts.  The  fine 
servo,  using  a  10-bit  counter,  divides  the  phase  delay 
into  1.024  parts  Further,  after  a  suitable  settling  time, 
each  servo  is  stopped  as  its  reference  reaches  a  zoro 
crossing  —  automatically  subtracting  the  reference  so 
that  the  content  of  its  feedback  counter  is  a  digital 
representation  of  the  phase  delay  for  the  range  tone. 
The  zero  crossing  of  the  reference  also  ramps  down  the 
range  modulation  —  terminating  the  interrogation  and 
turning  off  the  transmitter.  Loss  of  carrier  loop  lock  in 
the  transponder  receiver  then  causes  the  transponder 
to  turn  off  its  transmitter  and  revert  to  its  standby 
(receive  only)  state. 


Eai  h  of  the  fuur  interrogator  range  servos  presents  the 
contents  of  its  range  data  counter  to  an  internal  ari'h- 
metic  processor  This  processes  the  data  from  eai  h 
servo  using  a  subroutine  that  employs:  (1)  each  range 
partial.  (2)  the  current  dynamic  calibration  data  for  the 
interrogator,  and  |3|  the  stored  fixed  calibration  data 
for  the  transponder  and  antennas.  The  computation  sub¬ 
routine  includes  an  ambiguity  resolving  algorithm 
which,  with  the  corrections  indicated  above,  finally 
produces  a  corrected  composite  range  word  represent¬ 
ing  the  slant  range  to  the  transponder. 


SYSTEM  TESTS  AND  EVALUATION 

Extensive  testing  was  conducted  on  the  Cubic  FM/CW 
Kongo  Measurement  System  from  |une  1977  to  Decem¬ 
ber  1977.  Since  the  ranging  equipment  is  being  con¬ 
sidered  as  an  integral  part  uf  an  automatic  VTOL  land¬ 
ing  system  on  small  ships,  the  testing  was  directed 
toward  simulation  of  these  conditions. 

Tests  were  run  over  a  wire-screen  ground  plane  located 
at  NOSC  on  Point  Loma.  Specular  multipath  could  be 
closely  controlled  over  this  surface  and  the  conditions 
present  over  the  landing  pad  of  a  small  ship  were 
closely  simulated.  It  is  during  the  final  landing  phase 
that  the  greatest  accuracy  is  required  and  adverse 
multipath  effects  are  at  a  maximum.  Tests  were  also 
conducted  on  a  986-meter  path  over  water  at  very  low 
grazing  angles  to  simulate  the  conditions  during  the 
early  portions  of  the  approach.  Finally,  flight  tests  were 
conducted  at  the  NASA  Flight  Test  Center  at  Wallops 
Island.  Virginia.  Various  approaches  and  flight  patterns 
wore  flown  and  the  FM/CW  system  range  data  was 
compared  to  the  range  data  from  the  NASA  pulse  laser 
ranging  system. 

Figure  3  illustrates  the  test  set-up  used  for  the  ground 
plane  tests.  The  ground  plane  used  was  approximately 
50  meters  square.  This  permitted  test  runs  over  a  range 
of  10-50  meters.  A  rolling  cart  was  attached  to  a 
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FIGURE  3.  Test  Setup  for 
Ground  Plane  Tests 
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FIGURE  4  Test  Range  at  NOSC 


variable  speed  win<  h  As  the  cart  was  moved,  the  dif¬ 
ference  In  the  direct  and  the  reflected  path  changed, 
and  since  the  geometry  could  lx;  closely  <  ontrolled.  the 
worst  case  multipath  points  were  closely  examined.  The 
winch  was  instrumented  to  feed  position  information  to 
an  HP-9825  calculator  The  calculator  was  used  to 
control  the  system,  to  gather,  record  and  reduce  the 
data,  and  to  furnish  hardcopy  data  using  the  HP-9862 
plotter  Raw  information  was  recorded  on  magnetic 
tape  and  except  for  controlling  the  cart  speed,  the  test 
runs  were  fully  automatic. 

Figure  4  is  a  photograph  of  the  test  range  at  NOSC. 


Figure  5  is  a  plot  of  test  data  taken  on  the  antenna  range 
using  broadbeam  antennas  and  a  modulation  index  of  1. 
The  signal  strength  curve  clearly  shows  the  maximum 
multipath  interference  points.  These  occur  where  the 
difference  between  the  direct  and  reflet  ted  path  are  a 
multiple  of  one  RF  wavelength.  The  standard  deviation 
includes  the  mechanical  error  in  the  cart-measuring 
system,  which  was  approximately  25  millimeters.  There 
was  a  deliberate  bias  offset  to  facilitate  clear 
discernment  of  the  data. 

In  Figure  6.  the  modulation  index  was  increased  to  5.6 
with  a  corresponding  decrease  in  the  standard 
deviation  by  a  factor  of  two.  The  signal  strength  plot  is 
essentially  unchanged. 
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FIGURE  5.  DME  Roe*..  ...  Modulation  Index  =  1  FIGURE  6.  DME  Range  Plot:  Modulation  Index  -  5.6 
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Figure  7  shows  the  omni  antenna  on  the  interrogator 
replaced  with  a  Ihrnr  degree  -beumw tdlh  parabolic 
antenna  I  ho  heights  of  the  antennas  wore  adjusted  so 
thdt  tho  muumum  rofloi  ted  path  angle  was  2  degrees  A 
range  measurement  standard  deviation  of  49  milli¬ 
meters  was  obtained  Earlier  one*  hole  <  Somber  tests 
show«*l  tho  i  the  modulo  In  si  uxk'x  for  muumum  arris’  was 
obtained  at  5  ti.  although  the  equipment  could  produce  a 
higher  modulation  index  This  was  felt  to  be  due  to 
bandpass  limiting  within  the  equipment  It  is  worth 
reemphasising  that  the  typical  49  millimeter  error 
includes  the  mei  ninical  error  in  the  i  art  position 
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l.ong  term  stability  runs  were  also  made  and  these 
showed  no  shifts  or  drifts  in  excess  of  the  resolution  (25 
millimeters)  of  the  Cubic  Rongo  Measurement  System 

1  he  over  water  path  that  was  used  to  simulate  the 
long  range  low  angle  approac  h  of  (he  VTOL's  is  shown 
m  Figure  a  A  path  length  uf  approximately  98b  meters 
was  used,  and  the  interrogator  and  transponder  were 
located  at  heights  of  2.1  and  2  9  meters  respectively 
1'his  yielded  a  grazing  angle  of  0  15  degrees 

Figure  y  shows  the  distributions  for  three  stationary 
sets  of  700  samples  each.  The  bay  surface  was  slightly 
disturbed  by  wind  and  ships  passing  The  antennas 
were  linearly  polarized  and  data  was  taken  at  a  ten 
sample  per  second  rale  As  can  lie  seen  in  the  figure,  a 
significant  reduction  in  the  standard  deviation  was 
obtained  by  increasing  the  modulation  index  from  1  to 

2  4  Increasing  the  modulation  index  further  to  5  6  also 
shows  an  improvement  but  not  to  the  degree  of  the 
change  from  1  to  2  4 
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Figure  10  is  a  photograph  of  the  controller.  HP-9825A 
calculator,  the  plotter  and  floppy  disc  recorder  at  the 
NASA  Flight  rest  Center.  The  range  output  of  the  laser 
was  interfaced  with  the  HP-9825.  The  .1 -degree 
beam  width  antenna  for  the  FMCW  Range  Measure¬ 
ment  System  yvas  mounted  on  a  tripod  and  a  rifle  scope 
was  mounted  on  it  to  permit  manual  tracking.  The  laser 
reflector  and  the  KM  CW  range  transponder  were 
mounted  on  a  helicopter. 

Figure  11  is  a  plot  of  7(H)  sialic  samples,  each, of  the 
laser  and  the  Cubic  Range  Measurement  System  before 
the  dynamic  runs  The  offset  in  range  is  due  to  the 
geometry  of  the  test  set-up  and  not  an  error.  The  ratio  of 
the  standard  deviations  for  the  two  ranging  system  is 
17:1. 

Various  approach  profiles  were  flown  starting  at 
approximately  H  kilometers  Figure  12  is  a  plot  of 
time-versus-rango  for  the  KM  C\V  Range  Measurement 
System  for  one  of  these  runs.  The  section  marked  is 
enlarged  in  Figure  1.1. 


Figure  10  is  ,i  photograph  of  the  controller 

the  HP-9825A 
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In  Figure  13.  the  section  marked  in  Figure  12  was 
approximately  by  a  straight  line,  and  the  difference  in 
range  of  the  actual  value  and  the  straight  line  value  is 
plotted  for  both  the  laser  and  the  FM/CW  Range 
Measurement  System  versus  time.  The  significant  dif- 
ferenee  in  the  standard  deviation  is  obvious  from  the 
two  traces.  The  offset  between  the  two  is  again  due  to 
the  test  geometry.  Data  was  taken  at  a  rate  of  10 
samples  per  second. 


CONCLUSIONS 


Tests  on  the  Cubic  FM/CW  Precision  Range 
Measurement  System  show  that  this  range 
measurement  technique  can  meet  the  ranging  accuracy 
requirements  of  a  VTOL  landing  guidance  system. 
During  stability  tests,  the  Cubic  FM/CW  range  equip¬ 
ment  showed  no  bias  shifts  greater  than  the  25  milli¬ 
meter  resolution  of  the  equipment.  The  error  standard 
deviation  for  static  conditions  was  less  than  25  milli¬ 
meters  for  the  higher  values  of  modulation  index.  The 
accuracy  under  adverse  multipath  conditions  depends 
on  the  modulation  index  and  antenna  directivity.  For  a 
nondircr  tional  antenna,  a  modulation  index  of  5.6,  and 
severe  metal  ground  screen  reflections,  the  total  error 
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standard  deviation  is  approximately  60  millimeters. 
With  a  directional  interrogator  antenna,  the  total  error 
standard  deviation  is  less  than  50  millimeters. 
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FIGURE  12.  Typical  Time-Versus-Range 
Plot  for  FM/CW  System 


FIGURE  1 1 .  Comparative  Plot  of  Laser 
and  FM/CW  system 


FIGURE  13.  Enlarged  Comparative 
plot  of  laser  and  FM/CW  Data 
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ABSTRACT 


An  increasing  number  of  space  and  military  applications  require  low  noise 
performance  from  gyroscopes  and  inertial  reference  systems  due  to  increased 
precision  required  for  spacecraft  navigation  and  control  systems  and  various 
pointing  systems.  Recent  tests  on  the  NASA  Standard  Redundant  Dry  Rotor 
Inertial  Reference  Unit  (DRIRU  II)  and  on  the  Teledyne  SDG-5  dry  tuned  gyro¬ 
scope  have  demonstrated  noise  levels  well  below  any  previously  reported 
levels.  These  levels  are  sufficiently  low  to  satisfy  the  most  demanding  of  the 
known  low  noise  applications. 

I  his  paper  reports  the  results  of  noise  tests  conducted  at  Holloman  Air  Force 
Base  (  entral  Inertial  Guidance  Test  Facility  and  Teledyne  Systems  Company 
on  a  standard  DRIRU  II  system  and  on  a  modified  version  of  DRIRU  II  with 
greater  resolution  and  extended  bandwidth  gyro  caging  loops. 

Two  methods  of  measuring  noise  were  used  though  not  necessarily  at  each 
facility:  power  spectral  density  (USD)  of  sensed  output  rate  and  overall  noise 
equivalent  angle  (N F.A).  The  latter  method  has  been  specified  by  several 
DRIRU  [I  users  as  a  means  of  expressing  angle  noise  in  the  system  output.  It 
is  particularly  useful  in  fine  pointing  system  applications  where  a  total  "jitter" 
specification  is  desired. 


USD  measurements  at  CIC.TF  on  the  modified  DRIRU  II  system  demonstrated 
noise  levels  less  than  I  0 - 7  (  /hr)^/Hz  in  the  range  of  0.  0025  to  0.25  Hz. 
Above  that  range,  and  up  to  250  Hz,  noise  levels  were  below  10'4  (°/hr)*Z/Hz 
except  at  isolated  frequencies  associated  with  the  spin  motor  drive  frequency. 
At  these  trequencies,  100  and  200  Hz,  noise  spikes  of  approximately  10“^ 

(  /hr)  /Hz  we  re  observed.  1  he  shape  ol  the  noise  spectrum  measured  at 


(  1G  1  F  and  at  Teledyne  verifies  the  absence  of  a  random  walk  growth  charac¬ 
teristic  for  the  SDG-5  gyro  drift. 


Noise  equivalent  angle  data  are  presented  for  tests  conducted  at  Teledyne  on 
standard  DRIRl  II  hardware  and  on  the  modified  version.  Typical  perform¬ 
ance  is  a  fraction  of  the  basic  DRIRU  II  specification  of  one  arc  second  peak- 
to-peak  total  angular  change  for  one  hour. 


I  he  test  methods  and  data  reduction  techniques  are  discussed  and  the  analytic 
models  that  can  be  used  to  describe  test  behavior  are  considered.  The  basis 
for  previously  used  random  walk  models  and  the  modelling  errors  associated 
with  their  use  are  discussed  in  light  of  these  test  results. 


1.  INTRODUCTION 


Several  current  applications  generate  a  need  for  measurement  and  modelling 
of  the  noise  properties  of  high  precision  gyroscopes.  This  paper  presents 
recent  measurements  of  the  Teledyne  SDG-5  dry  tuned  gyroscope  and  dis¬ 
cusses  the  difficulties  associated  with  measuring  the  low  noise  levels  of  this 
gyroscope.  The  SDG-5  is  the  basis  of  the  NASA  Standard  High  Performance 
Inertial  Reference  Unit,  the  DRIRU  II)  which  provides  a  precision  attitude 
reference  for  a  new  family  of  spacecraft.  Noise  data  generated  for  this  ap¬ 
plication  and  related  applications  are  shown  in  various  forms.  The  use  of 
the  noise  data  is  also  discussed. 

Accurate  attitude  measurement  has  been  desired  for  many  satellite  borne  pay- 
loads,  particularly  for  earth  and  stellar  observational  packages,  and  future 
requirements  will  seek  the  best  possible  performance.  B  uture  projects  such 
as  space  based  observatories  and  monitoring  stations,  space  based  solar 
power  relay  stations  and  laser  or  directed  energy  systems  presume  the 
availability  of  accurate  pointing  and  control.  The  development  of  the  required 
control  systems  is  in  turn  dependent  on  valid  measurement  and  modelling  of 
the  noise  characteristics  of  the  sensors  used  for  attitude  measurement.  The 
optimal  filte r Jde ve loped  for  use  with  DRIRU  II  is  considered  to  be  an  example 
of  the  kind  of  processing  required  to  obtain  the  desired  performance. 

In  terrestrial  applications,  the  development  of  inertial  navigation  systems  has 
progressed  to  the  pointwhere  it  is  reasonable  to  assume  the  availability  of 
perfect  attitude  reference  subsystems  in  the  analysis  of  the  inherent  errors  of 
the  conventional  inertial  system.  That  is,  the  dynamic  effects  of  the  deflec¬ 
tions  of  the  vertical  due  to  vehicle  motion  are  now  of  concern  since  gyro 
errors  can  be  made  small  in  comparison  to  gravity  uncertainties3.  Oper¬ 
ation  from  a  moving  base  cannot  approach  the  accuracy  obtainable  from  a 
stationary  base  without  compensation  for  the  deflection  of  the  vertical.  Thus, 
improved  inertial  navigation  systems  seek  to  augment  the  conventional  inertial 
navigator  with  gravity  gradiometers  or  mappings  of  gravity  correlated  in¬ 
directly  to  other  features  .  However,  these  improved  navigation  systems 
are  dependent  on  the  practical  realization  of  highly  accurate  attitude  reference 
subsystems.  The  optimization  of  the  attitude  subsystems  and  the  system  as 
a  whole  also  requires  valid  treatment  of  the  noise  of  the  sensors.  The  low 
noise  levels  and  the  simple  models  that  were  found  for  the  SDG-5  gyro  should 
thus  also  be  of  interest  for  improved  inertial  navigation. 

The  features  of  the  SDG-5  gyro  that  cause  it  to  be  a  low  noise  sensor  are  dis¬ 
cussed  below,  together  with  a  general  description  of  its  operation.  The 
standard  DRIRU  II  system  is  then  briefly  described  as  well  as  a  modified  ver¬ 
sion  which  was  used  for  much  of  the  SDG-5  testing.  Finally,  the  test  pro¬ 
cedures  and  results  from  several  test  series  are  described,  and  the  usage  of 
the  resulting  measurements  is  discussed. 
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<1.  TEST  HARDWARE  DESCRIPTION 


2.  1  Teledyne  SIXi-5  Gyroscope 

I'he  SDG-5  gyroscope  is  a  dry  tuned  gyroscope  optimized  for  strapdown  usage. 
It  is  one  of  the  first  gyroscopes  that  allowed  strapdown  inertial  navigation 
accuracy  in  the  one  mile  |>er  hour  category  to  be  obtained.  It  is  distinguished 
by  its  high  accuracy  design  and  high  torquing  rate  capability  when  compared 
to  other  dry  tuned  gyroscopes.  Long  term  drift  in  the  0.  01  deg/hour  category 
with  torquing  rates  greater  than  100  deg/sec  are  basic  operational  features. 

In  contrast  to  other  dry  tuned  gyroscopes  that  are  primarily  used  in  gimballed 
inertial  systems,  the  SlXj-S  is  a  high  angular  momentum,  low  speed  gyro 
(10'  gm-cnr/sec  in  100  revolution /sec).  It  is  therefore  more  stable  with 
respect  to  noise  and  error  torques,  but  also  larger  than  the  less  stable  gyros. 
The  3  inch  case  diameter  allows  incorporation  of  a  three  gimbal  suspension 
system  without  extreme  mmatu  rization.  The  three  gimbal  suspension  further 
li  iers  the  effect  of  error  torques  by  eliminating  several  dynamic  noise 
effects.  The  physical  dimensions  also  allow  the  incorporation  of  a  highly 
linear  and  symmetric  magnetic  design  for  torquing,  and  a  proportional  induc¬ 
tive  piekoff  that  is  well  isolated  from  torquing  inputs. 

The  gyro  has  been  designed  to  be  easily  compensated  for  tempera. are  effects, 
and  thus  does  not  require  temperature  control.  Roth  analog  electrical  self 
compen sat  mn  and  digital  computed  compensation  have  been  used  to  obtain 
high  performance  without  temperature  control. 

The  gyro  has  been  designed  to  deliver  high  performance  under  severe  environ¬ 
mental  conditions,  but  the  same  design  features  provide  low  noise  operatic,  i 
when  operated  in  quiescent  conditions.  For  the  DRIRU  11  spacecraft  attitude 
application,  the  gyro  is  effectively  operated  in  a  highly  derated  condition  and 
delivers  a  very  low  noise  level. 

The  SDG-S  consists  of  four  major  subassemblies:  the  case,  torque  r  coils, 
pickoffs,  and  sensitive  element  containing  the  tuned  three -gimbal  suspension 
system  and  rotor.  These  subassemblies  arc  shown  in  Figure  1  and  a  schem¬ 
atic  cross  section  of  the  gyro  is  shown  in  Figure  2.  The  gyro  case  supports 
a  set  of  ball  bearings  which  in  turn  carry  the  shaft.  Mounted  on  one  end  of 
the  shaft  is  the  motor  hysteresis  ring  and  on  the  other  end  is  the  rotor  and 
suspension  system.  The  torquer  coils  and  piekoff  subassembly  are  attached 
to  the  case.  The  end  covers,  when  soldered  in  place,  provide  the  hermetic 
seal  for  the  gyro. 

A  summary  of  physical  characteristics  for  the  SDG-5  is  presented  in  Table  1 
and  key  performance  characteristics  are  shown  in  Table  2. 
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Figure  1.  SDG-5  Strapdown  Gyro  Subassemblies 
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Figure  2.  Schematic  Cross-Section  of  the  SDG-5  Gyro 
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Table  1.  Teledyne  SDG-5  Gyro  Physical  Characteristics 
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Table  2.  SDG-5  Gyro  Uncompensated  Performance  Summary 


Standard  DRIRU  II  Inertial  Reference  Unit 


2.  2 

DRIRU  II  is  a  strapdown  redundant  attitude  reference  unit  for  use  in  space¬ 
craft.  It's  design  emphasizes  high  accuracy,  high  reliability  and  low  power 
consumption  obtained  through  heaterless  construction  and  CMOS  electronics. 

The  unit  contains  three  independent  channels,  each  of  which  provides  two 
axes  of  output  information,  and  is  therefore  redundant  in  a  two  channel  of 
three  basis.  DRIRU  II  contains  the  following  major  elements: 

a.  Three  two-degree-of-freedom  SDG-5  gyros 

b.  Three  independent  sets  of  channel  electronics,  each  containing 
five  modules 

c.  Three  independent  power  supplies 

d.  One  isolated  chassis  and  separate  housing  assembly 

A  photograph  of  the  basic  DRIRU  II  unit  is  shown  in  Figure  3.  The  exploded 
view  in  Figure  4  show  s  the  mechanical  relationship  and  modular  construction 
of  the  major  elements.  The  chassis  containing  the  gyros,  electronics  and 
power  supplies  is  supported  by  the  housing  through  the  use  of  four  vibration 
isolators  as  shown.  This  isolation  system  provides  protection  from  the  high 
mechanical  inputs  during  payload  launch  and  deployment  while  maintaining 
the  axis  alignment  stability  required  during  use.  A  three  point  mounting 
referenced  to  the  optical  master  reference  cube  is  used  for  precision 
alignment. 

DRIRU  II  operates  on  28  ±7  VDC  prime  power  and  nominally  consumes  22.  5 
watts.  Dual  range,  analog  rebalance  loops  are  used  with  an  externally 
supplied  discrete  range  command  for  high  rate  tracking  or  low  rate  precision 
pointing.  Gyro  torquer  self-test  capability  is  also  included.  The  system 
outputs  are  analog  rates,  digital  incremental  angles,  and  a  clock  reference. 
Telemetry  outputs  allow  range  status,  gyro  temperature,  motor  current  and  | 

regulated  voltage  from  each  of  the  three  channels  to  be  monitored. 

The  functional  block  diagram  for  a  single  gyro  channel  shown  in  Figure  5 
demonstrates  the  signal  flow'  and  indicates  the  relationship  between  the  gyro 
and  electronic  modules.  Low  power,  nuclear  radiation  resistant  CMOS 
electronics  are  used  throughout. 

The  gyros  are  caged  in  an  analog  torque  to  balance  mode.  The  voltage  de¬ 
veloped  by  the  restoring  current  passing  through  precision  scaling  resistors 
is  digitized  by  reset  integrating  voltage  to  frequency  converters.  Two  sets 
of  scaling  resistors  are  used  per  gyro  axis  to  provide  the  externally  com- 
mandable  high  and  low'  rate  ranging. 
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Figure  5.  DRIRU  II  Single  Channel  Functional  Block  Diagram 


Self-contained  analog  temperature  compensation  is  employed  for  operation 
over  a  40°C  temperature  range  without  the  need  for  external  software  com¬ 
pensation.  Each  gyro  contains  three  independent  temperature  sensors.  One 
is  used  per  axis  for  the  self  compensation  and  a  third  for  telemetry  output. 
The  telemetry  output  may  be  employed  to  add  software  compensation  if 
operation  over  a  broader  temperature  range  and/or  increased  performance 
over  current  specifications  are  desired.  Wide  range  temperature  perform¬ 
ance  is  a  consideration  because  no  heaters  or  tempe rature  control  are  used 
in  DRIRU  II.  Significantly  reduced  power  consumption  and  increased  reli¬ 
ability  through  simplification  are  thereby  obtained. 

The  performance  of  the  DRIRU  II  is  specified  by  NASA /Jet  Propulsion  Labor¬ 
atory  Specification  ES511749,  Revision  C.  A  summary  of  key  performance 
requirements  is  presented  in  Table  3. 
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Table  3.  DRIRU  II  Performance  Summary 
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2.3  Modified  DRIRU  II  Single  Channel  System 

A  single  channel  of  DRIRU  II  electronics  was  modified  for  evaluation  of  the 
SDG-5  for  use  in  fine  pointing  applications  such  as  the  Space  Telescope 
mission.  The  major  modifications  consisted  of  the  following: 


a.  Increased  gyro  caging  loop  bandwidth  from  7  Hz  to  20  Hz 

b.  Notch  filtering  of  the  gyro  spin  frequency  (100  Hz) 

c.  Improved  low  rate  range  resolution  from  0.05  arc  seconds/ 
pulse  to  0.  0004  arc  sec onds / pulse  by  reducing  the  low  rate 
range  from  ±400°/hr  to  ±15°/hr  and  increasing  the  V/F 
converter  frequency  deviation  range  from  ±8  kHz  to  ±40  KHz. 


These  modifications  were  made  to  a  breadboard  version  of  the  DRIRU  II 
electronics  which  was  packaged  for  transportability  and  ease  of  testing. 
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3.  TEST  METHODS  AND  TEST  RESULTS 

3.  1  Background 

The  tests  used  for  noise  measurements  of  gyros  are  intended  to  be  conducted 
with  zero  or  constant  angular  rate  inputs.  The  variability  about  a  constant 
bias  rate  is  then  considered  to  be  noise.  A  number  of  methods  for  measur¬ 
ing  and  specifying  noise  have  been  developed  to  meet  general  or  specific 
needs.  Three  of  these  methods,  power  spectral  density,  noise  equivalent 
angle  and  random  walk,  are  discussed  here  and  test  results  are  provided. 

During  any  series  of  noise  tests  it  is  difficult  to  provide  a  truly  constant 
(or  zero)  rate  input  to  the  gyro,  especially  at  low  frequencies  that  may  be 
of  interest.  Both  periodic  (diurnal)  inputs  and  random  seismic  or  cultural 
inputs  are  observable  in  long  duration  tests.  These  low  frequency  effects  are 
considered  to  be  concealed  in  previous  tests  of  the  SDG-5,5,6  and  to  have 
yielded  noise  models  that  are  not  appropriate,  especially  with  respect  to 
random  walk. 

It  has  also  been  found  to  be  difficult  to  provide  constant  angular  rates  other 
than  those  due  to  earth  rate.  The  sensitivity  and  angular  quantization  of  the 
test  data  is  such  that  harmonics  of  table  motion  have  dominated  measurements 
using  rate  tables.  The  positioning  servos  used  for  nearly  all  precision  rate 
tables  generate  sinusoidal  rate  errors  that  are  a  function  of  the  rate  table 
position.  The  rate  tables  used  in  these  tests  generally  employ  a  multi- speed 
inductosyn  for  position  reference  in  the  precision  rate  mode.  The  small 
difference’s  between  the-  inductosyn  readout  and  the  synthesized  position 
reference  cause  a  readily  observable  sinusoid  corresponding  to  the  induc¬ 
tosyn  period.  Post  processing  of  data  has  been  applied  to  correct  for  this 
effect,  but  no  accurate  method  has  yet  been  found  to  conduct  tests  at  higher 
angular  rates.  (Higher  in  this  instance  refers  to  rates  that  approximate 
earth  satellite  orbital  rates;  200  deg/hr  is  used  in  the  DR1RU  II  tests). 

The  test  data  discussed  in  this  paper  are  based  on  strapdown  operation  of  the 
SDG-5  in  which  torques  are  applied  to  null  the  gyro.  In  this  case  the  free 
rotor  equations  apply  and,  for  constant  rates,  the  torque  is  proportional  to 
the  rotor  angular  rate.  The  torque  is  integrated  and  digitized  to  obtain  a 
measu  rement. 

Tests  of  the  SDG-5  with  analog  output  electronics  accomplished  this  measure¬ 
ment  with  the  use  of  the  Fluke  8500A  integrating  voltmeter.  A  sampling 
period  of  1.  1  seconds  was  used  to  obtain  the  extended  records.  In  this  case 
the  voltage  generated  across  a  precision  resistor  by  the  torquing  current 
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was  provided  directly  to  the  meter.  The  integrated  voltage  was  scaled  by 
the  integration  time  and  converted  to  a  digital  value  using  an  A/D  converter 
within  the  meter.  The  value  thus  corresponds  to  the  average  angular  rate 
over  the  sampling  period.  ihese  values  were  then  summed  and  averaged  to 
obtain  angular  rate  samples  corresponding  to  more  convenient  periods  for 
further  processing. 

1  ests  of  the  DRIR1  II  system  and  modified  DRIRU  used  the  system  electronic 
instead  of  the  meter.  In  this  case  a  voltage-to-frequency  converter  is  used 
to  accomplish  the  integration  and  digitization.  The  resistor  voltage  is  inte¬ 
grated  and  a  pulse  is  output  when  the  quantization  level  is  reached.  A  pulse 
train  with  pulses  of  fixed  angular  weighting  and  with  frequency  p.  portional 
to  the  angular  rate  is  thereby  produced.  The  standard  DRIRU  II  quantization 
is  0.05  arc  second/pulse,  and  for  the  modified  DRIRU  electronics  is  0.  0004 
arc  second/pulse.  The  maximum  deviation  frequency  is  ±8  kHz  for  DRIRU  II 
and  ±40  kHz  for  the  modified  DRIRU  which  results  in  a  maximum  rate  cap¬ 
ability  of  ±400  deg/hr  and  ±15  deg/hr,  respectively  in  the  lev  range  scaling. 

I  he  pulse  train  can  be  summed  over  any  desired  sampling  period  and  scaled 
by  the  period  to  obtain  periodic  samples  of  the  average  angular  rate.  DRIRU 

II  is  intended  for  low  angular  rates  so  the  shortest  sampling  period  is 
normally  0.  200  seconds,  which  is  compatible  with  the  7Hz  caging  bandwidth. 

I  he  noise  test  data  has  been  processed  to  yield  both  frequency  spectrum 
information  and  time  series  behavior  at  various  integration  orders  of  the 
data.  Ihe  frequency  information  is  in  the  form  of  power  spectral  density 
of  angular  rate.  The  time  behavior  has  primarily  been  examined  as  a  noise 
equivalent  angle,  and  the  random  walk  has  been  considered  with  respect  to 
both  its  frequency  transform  and  time  trend  characteristics. 


3.2  Power  Spectral  Density 

Ihe  Power  Spectral  Density  (PSD)  is  the  most  common  and  widely  used  form 
for  presentation  of  noise  data.  The  PSD  can  be  interpreted  in  many  ways. 

In  this  study  the  spectra  have  been  used  to  establish  the  following  SDC.-5 
characteristics: 

1)  Low  power  density,  (less  than  10  (  /hr)  /Hz  from  .  0025  Hz  to 

.  5  Hz) 

2)  Low  overall  noise  power  (.  01°/hr  rms  from  .  0025  to  250  Hz) 

3)  Lack  of  significant  low  frequency  harmonics 


■  ■■  - — 
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4) 


Flat  (white)  spectrum  in  the  range  of  measurement 


5)  (Indiscernible  random  walk  content 

The  low  noise  power  indicates  that  accurate  pointing  and  attitude  hold  func¬ 
tions  can  be  provided  by  the  SDG-5. 

The  calculation  and  use  of  power  spectral  densities  is  fundamental  to  noise 
analysis  and  background  material  can  be  found  in  many  sources.7,  8 
Familiar  properties  and  particular  methods  of  calculation  are  noted  below. 

The  PSD's  presented  here  were  calculated  using  current  digital  techniques. 

A  fixed  number  of  samples  (2048)  was  obtained  by  adjusting  the  sample 
period  to  conform  with  the  desired  record  length.  One  minute  samples  of 
the  average  angular  rate  were  used  for  the  longest  runs  (34  hr).  The  records 
were  then  frequency  transformed  using  an  FFT,  post  transform  windowed  by 
convolving  with  the  transform  of  a  Hanning  window,  then  the  squared  magni¬ 
tude  of  the  complex  coefficients  was  evaluated  to  obtain  a  PSD  sample. 
Ensemble  averages  were  not  pursued  in  the  Teledyne  testing  because  the  run 
to  run  variability  was  low  and  allowance  for  statistical  uncertainty  still 
yields  very  good  results.  The  Holloman  results  do  however  include  ensemble 
averaging  of  at  least  twelve  records  per  PSD  estimate. 

PSD  tests  previously  conducted  on  SDG-5  Gyros  by  the  Central  Inertial 
Guidance  Test  Facility  at  Holloman  and  other  test  agencies5,  6  used  gyro 
excitation  and  control  electronics  which  were  designed  for  general  laboratory 
testing  and  not  specifically  for  low  noise  evaluation.  Modified  DRIRF  II 
electronics  which  better  meet  this  need  were  evaluated  to  determine  the  cap¬ 
ability  of  this  hardware  to  meet  the  low  noise  requirements  of  tht  Space 
Telescope  System  and  other  fine  pointing  systems.  To  this  end,  the  Jet 
Propulsion  Laboratory  sponsored  a  series  of  tests  at  CIGTF  early  in  1479 
involving  the  modified  electronics  and  SDG-5  gyro  S/N  080.  The  results  of 
these  tests  are  being  documented  in  a  report  from  CIGTF  scheduled  for 
release  mid  1  979. 

For  this  test  series  the  gyro  was  mounted  with  spin  axis  vertical  in  a  fixture 
which  was  clamped  directly  to  the  surface  of  an  isolated  pier  in  the  Com¬ 
ponents  Evaluation  Laboratory  (see  Figure  6).  The  input  axes  were  oriented 
45°  from  the  North-South  azimuth  line.  A  thermal  shroud  was  placed  over 
the  gyro  fixture  to  reduce  external  thermal  effects,  lilt  meters  were  used 
to  monitor  test  pier  motions,  although  the  data  from  these  meters  were  not 
used  in  the  Teledyne  analysis. 


I  SO  data  wort*  acquired  I  rum  both  the  analog*  and  digital  output  channeU  as 
shown  in  Figure*  7.  Hu*  analog  outputs  were  fed  into  a  Rockland  Model  Hlo 
multichannel  tiller.  I  he  filter  frequencies  used  were  0.  3.  3.0,  30  and 
300  11/.  depending  on  the  frequency  of  interest  for  each  particular  run.  1  he 
outputs  of  the  filters  were  analyzed  as  described  previously  using  a  Hewlett- 
Packard  Model  54 S 1  !•  ourier  Analyzer.  1  he  data  were  taken  in  1.’  frames 
of  £0*4 8  samples  at  sample  rates  of  0.  5.  5,  so  and  500  Hz.  corresponding 
to  analvsis  frequencies  of  0  to  0.  25,  0  to  S,  0  to  ’S  and  0  to  250  Hz. 
respectively. 

F  igures  8  and  0  shim  composite  plots  ol  tin*  PSD  data  acquired  on  the  X  and 
V  gyro  axes.  I  he  overall  noise  power  for  each  is  less  than  0.01°/hr  rms 
to  250  Hz. 

It  is  significant  that  the  low  frequency  data  is  at  least  two  orders  of  magni¬ 
tude  lower  than  previously  reported  data  '  and  remains  flat  with  dec  reas¬ 
ing  frequency.  Ibis  latter  observation  supports  the*  com  lusion  that  the  drift 
output  of  the*  SD(i-5  does  not  grow  with  time  suc  h  as  would  be  expected  with 
a  random  walk  dritt  model. 

Ihree  frequencies  ot  interest  are  identified  on  the  plots  -  the  bearing  retainer 
frequency  (34  Hz),  the  rotor  spin  frequency  ( 1  (Hi  Hz),  and  the  second  har¬ 
monic  ot  the  spin  frequency  (200  Hz).  Fven  these  maximum  noise  frequencies 
show  very  low  amplitudes  and  contribute  very  little  to  overall  angular  un¬ 
certainty.  1  or  example,  the  angular  contribution  of  the  worst  case  100  Hz 
component  would  be  only  2.5  x  10'^  (arc  secl’/llz. 

In  order  to  verify  the  validity  of  the  data,  a  calibration  ot  the  analog  PSD 
channels  was  performed.  A  1  volt  peak,  1  00  Hz.  signal  was  injected  in  place 
ot  an  analog  gyro  output  signal  and  a  PSD  plot  of  the  resultant  noise  was 
generated.  Figure  10  shows  that  the  calibration  ol  the  system  was  within 
l  db,  and  that  the  noise  measurement  threshold  itself,  with  the*  laboratory 
reference  signal,  was  comparable  to  the  low  frequency  noise  levels  exhib¬ 
ited  during  the  gyro^’SD  tesjs  plotted  in  F  igures  8  and  <>.  Ibis  would 
indicate  that  the  10  (  /hr)  /Hz  levels  shown  may  be  due  to  test  instru¬ 

mentation  or  other  noise  inputs  and  not  indicative  of  ultimate  gyro 
pe  rformance. 

Subsequent  testing  at  Teledyne  supports  this  conclusion.  F  igures  11  and  12 
show  results  of  low  frequency  PSD  tests  run  during  the*  long  term  drift  sta¬ 
bility  test  series  described  in  a  later  section  in  this  paper.  Note  that  gen¬ 
erally  flat  noise  levels  of  less  than  1  O'  1  °(°/H  r  )2/Hz  were  measured.  1  he 
frequency  range  was  from  8  x  10  *’  to  0.  008  Hz,  corresponding  to  periods 
of  34  hr  to  120  sec.  lhe  data  demonstrates  exceptional  performance  cap¬ 
ability  for  the  SD(i-5  gyro  and  for  a  system  w  ith  modified  DRIRU  electronics. 
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Figure  7.  Data  Acquisition  System  Block  Diagram,  Holloman  PSD  Tests 
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Figure  12.  Y  Axis  Low  Frequency  PSD,  S/N  080 


3.3  Noise  Kquivalent  Angle 

A  specialized  test  has  been  defined  for  evaluation  of  NASA  attitude  reference 
systems  to  assess  pointing  stability.  The  test,  referred  to  as  the  Noise 
Equivalent  Angle  (NFA)  test,  directly  estimates  the  pointing  capability  by 
measuring  the  peak-to-peak  angle  error  during  a  specified  observation  time. 
For  DRIRll  II  the  test  estimates  the  angle  excursions  expected  during  a  one 
hour  observation  period  based  on  angular  rate  sampled  at  a  200  millisecond 
(5  Hz)  period.  The  system  usage  assumes  the  vise  of  bias  drift  rate  correc¬ 
tion  so  the  noise  test  processing  consists  of  a  two  step  procedure.  First  the 
angular  rate  samples  are  summed  to  obtain  the  total  angle,  then  the  linear 
trend  corresponding  to  a  fixed  drift  is  removed  using  a  least  squares  fit 
(linear  regression).  The  peak-to-peak  variation  of  the  residual  then  charac¬ 
terizes  the  angle  noise. 

1  he  DRIRP  II  system  satisfies  the  specification  limit  of  one  .arc  second  peak- 
to-peak  for  this  test.  Testing  of  individual  gyros  with  the  modified  DRIRP 
electronics  shows  that  the  sensor  contribution  is  well  below  the  specification 
requirement,  with  levels  of  0.04  arc  seconds/hour  being  obtained  in  the 
current  test  series. 


It  should  be  noted  that  the  specification  of  peak-to- peak  excursion  character¬ 
izes  the  noise  distribution  in  a  worst  case  manner  and  does  not  Rive  an  in¬ 
sight  into  the  distribution  to  be  associated  with  the  noise  process.  Thus,  the 
time  history  of  the  angle  error  residual  was  plotted  to  further  inspect  the 
noise.  These  plots  showed  that  the  system  output  is  formed  of  high  frequency 
noise  with  an  RMS  level  of  about  0.001  arc  second  plus  a  low  frequency 
wander  that  determined  the  peak-to-peak  excursion.  This  indicates  that  if 
real  time  bias  estimation  can  be  used  to  track  the  low  frequency,  the  noise 
equivalent  angle  can  be  further  reduced. 

A  representative  plot  of  the  standard  DRIRU  II  performance  is  shown  in 
Figure  13.  This  test  was  conducted  in  a  stationary  (earth  rate  only)  condi¬ 
tion.  A  peak-to-peak  variation  of  less  than  one  arc  second  is  specified  for 
this  test,  with  typical  performance  between  0.  5  and  1.0  arc  seconds. 

Similar  tests  were  run  with  the  modified  DRIRU  electronics.  The  results 
shown  in  Figure  14  indicate  an  order  of  magnitude  improvement  in  perform¬ 
ance  compared  to  the  standard  DRIRU  II.  Several  factors  in  both  the  elec¬ 
tronics  and  the  test  procedure  contribute  to  the  improved  performance: 

1)  Greater  resolution  and  stability  of  the  V/F  converters. 

2)  Improved  isolation  from  external  thermal  variations. 

31  Improved  mechanical  stability  by  mounting  directly  to  the  test 
pier  surface  instead  of  a  rate  table. 

The  method  of  mounting  was  found  to  be  very  important.  Throughout  the 
test  program  it  was  evident  that  gyro  noise  performance,  whether  from  PSD 
tests  or  NKA  tests  varied  significantly  from  one  test  facility  to  another  and 
depended  tv*  a  1  irge  extent  on  the  method  of  mounting  the  gyro  to  the  test  bed. 

I  he  quietest  NKA  performance  was  obtained  w  ith  the  equipment  bolted 
directly  to  the  test  pier  su,  t'ac e  (no  intermediate  table  or  granite  block)  and 
shrouded  from  external  temperature  changes,  with  data  taken  late  at  night  to 
minimize  local  traffic  in  the  test  laboratory. 

I  he  application  of  the  noise  equivalent  angle  is  to  give  a  worst  case  evalua¬ 
tion  of  tin-  blur  diameter  associated  with  direct  use  of  the  attitude  reference 
system  for  a  specified  time.  Although  the  time  integral  of  the  angle  error, 
or  the  RMS  level,  might  be  more  meaningful  with  respect  to  experiment  or 
photoi; raphiv  exposures,  the  peak-to-peak  definition  and  one  hour  time  inter¬ 
val  av‘  e't'sed  to  allow  comparison  with  previous  systems  that  were  also  tested 
in  the  same  way. 
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A  particularly  difficult  teat  to  perform  is  a  variation  of  the  basic  NEA  test 
in  which  observation  from  a  spacecraft  rotating  at  orbital  rate  is  simulated. 
No  particular  operational  difficulty  or  increase  in  noise  is  expected  due  to 
the  increased  base  angular  rate,  however  it  has  been  found  difficult  to  pro¬ 
vide  uniform  angular  rates  of  sufficient  stability  to  verify  the  expected 
performance.  Tests  which  are  conducted  at  200  deg/hr  have  been  found 
to  be  strongly  affected  by  rate  table  harmonic  errors.  Improved  rate  tables 
are  currently  being  prepared  for  use,  and  digital  filtering  is  currently  being 
applied  to  obtain  estimates  of  noise. 

3,4  Random  Walk 

The  use  of  real  time  error  estimation  requires  the  use  of  valid  noise  models 
if  optimal  estimation  is  to  be  efficiently  applied.  If  the  most  widely  used 
form  of  optimal  filter  is  used  in  which  error  sources  are  appended  to  the 
state  vector  to  obtain  an  augmented  state  vector,  it  is  then  convenient  to  use 
white  noise  and  filtered  or  integrated  white  noise  sources  for  the  models. 
Such  models  have  been  effectively  applied  to  floated  gyros  and  much  exper¬ 
ience  has  been  obtained  to  validate  the  formulations. 

Integrated  white  noise  is  commonly  referred  to  as  random  walk.  It  effec¬ 
tively  models  a  noise  source  that  is  equivalent  to  integrated  broad  band 
noise.  Direct  measurement  of  the  random  walk  content  can  be  made  by 
examining  the  time  history  of  the  variance  of  the  noise.  A  single  integra¬ 
tion  of  white  noise  produces  a  linear  growth  in  variance,  so  the  slope,  if 
one  exists,  gives  a  measure  of  the  strength  of  the  random  walk.  This  in 
turn  can  be  converted  to  a  coefficient  for  use  in  the  optimal  estimator. 

Random  walk  also  produces  a  distinct  signature  in  a  PSD  plot.  The  inte¬ 
grated  white  noise  would  then  appear  as  a  first  order  slope  corresponding 
to  -20  db/decade  in  amplitude.  I'he  PSD  of  the  derivative  of  the  variable 
being  considered  for  random  walk  would  of  course  then  be  flat.  The  gain 
associated  with  the  slope,  or  the  level  of  the  derivative  gives  a  measure  of 
the  strength  of  the  random  walk. 

The  derivative,  that  is,  the  broadband  function  that  is  being  integrated  to 
produce  the  random  walk,  can  also  be  evaluated  directly.  The  RMS  level  of 
the  derivative  integrated  with  respect  to  time  gives  an  estimate  of  the  stand¬ 
ard  deviation  of  the  random  walk  process  in  this  case.  This  method  of  cal¬ 
culation  has  been  proposed  for  evaluation  of  random  walk  in  angle  by  the 
IEEE  Gyro  and  Accelerometer  Panel.  However  it  is  not  clear  that  the  de¬ 
sired  component  is  isolated  by  this  calculation  since  other  contributions  to 
the  RMS  would  affect  the  evaluation. 


20 


Random  walk  is  often  included  in  optimal  filters  since  it  is  convenient  to 
include  it  and  good  modelling  results  have  previously  been  obtained.  It  is 
convenient  because  the  order  of  the  system  does  not  have  to  be  increased  if 
it  is  added  to  a  state  vector  description  that  already  allows  for  a  white  noise 
driven  bias  state. 

The  DRIRU  II  optimal  filter  due  to  Murrell2  is  shown  below  to  show  the  filter 
form  of  a  typical  attitude  estimator  designed  to  be  updated  with  the  aid  of 
star  sensors. 

For  DRIRU  II,  with  the  assumed  gyro  error  model,  the  total  update  filter 
state  dynamics  can  be  written  as: 


“*¥  '“’X 
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Where  9,  denote  the  roll,  pitch  and  yaw  attitude  determination  errors. 
w^.jy  wiyjy  Wy  p  are  the  roll,  pitch  and  yaw  gyro  drift  caused  by  random 

bias  and  random  walk.  It  is  this  component  of  the  gyro  measurement  error 


that  is  estimated  by  the  update  filter.  w  u  ... 
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w  are  the  gyro  white 


noise  drift  processes;  w  .  wvo.  w . . .  are  white  noise  processes  that  gen- 
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orate  the  gyro  random  walk  drift. 


An  Kuler  parameter  formulation  is  used  to  maintain  total  attitude,  so  the 
linear  errors  are  used  to  update  the  total  atti'ude  described  by  a^  below. 

The  Kuler  parameters  correspond  to  an  unnormalized  quaternion  formulation 
that  define  the  Euler  axis  and  angle. 
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This  expression  is  the  same  as  the  Euler  parameter  integration  algorithm. 

In  both  cases  the  Euler  parameters  are  being  updated  for  the  effects  of  small 
angle  rotations  about  the  reference  axis. 

The  gyro  drift  compensation  parameters  are  updated  as  follows: 


At  the  time  this  lilter  was  developed  the  SDG-5  noise  measurements  were  not 
available  so  random  walk  was  included. 

Intuitively  such  models  might  be  seen  to  be  applicable  to  floated  integrating 
gyros  since  a  physical  correspondence  can  be  noted  to  a  wideband  noise 
source  (the  rotor  and  float  assembly)  and  a  free  integration  (the  flotation  and 
suspension  system).  In  fact,  a  good  fit  has  been  obtained  in  most  cases 
although  exceptions  can  be  noted. 

However,  the  application  of  a  random  W'alk  model  to  the  dry  tuned  gyro  is  not 
clear.  Previous  measurements  have  indicated  that  the  SDG-5  power  density 
spectrum  has  a  shape  similar  to  that  of  floated  integrating  gyros,  although  of 
lower  magnitude.  Thus,  the  use  of  a  random  walk  model  was  justified  based 
on  the  increasing  amplitude  at  decreasing  frequency.  However,  it  now 
appears  that  this  characteristic  was  more  due  to  the  measurement  than  the 
sensor  itself.  The  more  recent  PSD  tests  discussed  above  show  that  such 
a  slope  does  not  appear  even  at  very  low  frequencies,  and  that  the  spectrum 
is  essentially  flat  or  white. 

Variance  plots  also  verify  the  absence  of  random  walk.  These  plots  were 
obtained  for  a  series  of  34  hour  tests  (described  in  the  next  section)  using 
the  modified  DRIRU  electronics.  Differences  in  drift  rate  measured  at 
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various  fixed  intervals  during  each  test  run  were  used  to  obtain  variance 
estimates  for  each  interval.  These  variances,  when  plotted  versus  interval, 
did  not  show  a  linear  growth  characteristic  and  therefore  verified  the 
absence  of  random  walk. 

This  conclusion  is  heuristically  satisfying  when  the  physical  construction  of 
the  DTG  is  considered.  The  dry  tuned  gyro  contains  a  broadband  error 
source,  the  tuned  suspension  and  rotor,  but  acts  like  a  free  rotor.  There 
is  negligible  damping  corresponding  to  the  fluid  within  a  floated  sensor, 
and  a  white  noise  model  is  intuitively  more  appropriate. 

Although  the  removal  of  random  walk  removes  terms  from  the  system  matrix 
the  removal  does  not  decrease  the  number  of  states  required  for  bias  esti¬ 
mation,  so  software  simplification  may  be  minor.  However,  the  use  of 
more  appropriate  models  in  analysis  and  design  is  desirable.  The  random 
walk  can  be  used  to  account  for  unmodelled  errors,  but  in  this  case  it  prob¬ 
ably  is  better  to  use  techniques  more  directly  designed  for  the  desired  effect. 

Markov  models  may  be  similarly  considered,  except  that  filter  signatures 
instead  of  pure  integrations  are  sought  in  the  PSD.  The  break  frequency 
which  corresponds  to  correlation  times  then  is  of  concern.  However,  the 
lack  of  notable  features  in  drift  rate  PSD  shows  that  Markov  models  are 
also  unnecessary, 

3.5  Low  Frequency  Drift  Variations 

A  series  of  four  34  hour  drift  tests  were  conducted  using  the  modified  DRIRU 
II  electronics  in  conjunction  with  SDG-5  gyro  S/N  080.  The  same  test  set 
up  was  used  as  previously  described  for  NEA  testing  with  the  gyro  spin  axis 
vertical.  Three  P  luke  8500A  integrating  voltmeters  were  used  to  measure 
the  analog  voltages  corresponding  to  the  X  and  Y  gyro  axes  and  internal  gyro 
temperature.  A  Hewlett-Packard  9845  desktop  computer  was  used  to  accept 
the  voltmeter  readings  and  process  the  data.  Since  the  goal  of  this  test 
series  was  to  measure  low  frequency  drift  variations,  fifteen  minute  averag- 
ing  of  raw  data  was  used  for  data  handling  convenience. 

Neither  the  gyro  nor  the  electronics  were  actively  temperature  controlled  so 
it  was  necessary  to  provide  a  means  of  compensating  the  measured  drift 
data  for  the  small  temperature  variations  that  were  present  even  though  the 
test  hardware  was  essentially  isolated  from  laboratory  ambient  changes. 

This  was  accomplished  by  monitoring  the  internal  gyro  thermal  sensor  and 
determining  a  best  fit  straight  line  of  the  output  data  with  respect  to  the 
temperature  information  by  the  method  of  least  squares  (linear  regression). 
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Figure  14  shows  the  uncompensated  drift  data  obtained  from  the  gyro  axes 
during  one  of  the  34  hour  tests  (Run  4)  and  also  the  recorded  gyro  tempera¬ 
tures.  Note  the  correlation  between  the  drift  variations  and  temperature 
changes,  particularly  for  the  X  axis  which  was  sensing  the  horizontal  com¬ 
ponent  of  earth's  rate.  The  larger  temperature  effect  for  this  axis  is  due  to 
the  temperature  sensitivity  of  the  torquer  circuit.  This  effect  results  in  a 
scale  factor  sensitivity  which  is  highly  linear  with  respect  to  temperature 
that  is  normally  self  compensated  within  a  system. 

Figure  15  shows  the  same  data  after  being  compensated  for  temperature  as 
described  above.  Note  the  extremely  low  residua!  drift  variations,  0.00005 
and  0.  00004°/hr,  one  sigma  about  the  mean,  for  the  two  gyro  axes.  This 
demonstrates  the  accuracy  with  which  it  is  possible  to  compensate  for 
temperature  effects  using  the  internal  gyro  sensor. 

Iable  4  shows  the  one  sigma  drift  variations  for  each  of  the  four  tests  with 
and  without  temperature  compensation.  Note  t Ha t  in  each  case  the  gyro 
axis  winch  was  sensing  a  component  of  earth's  rate  had  a  larger  uncompen¬ 
sated  dritt  variation  due  to  the  torquer  scale  factor  temperature  sensitivity. 
Note  also  that  after  compensation  the  differences  between  the  two  axes  w'ere 
negligible  and  the  one  sigma  variations  were  extremely  small.  The  one 
exception  is  Run  2  which  included  a  one  time  drift  change  of  0.  0004  /hr  on 
both  axes  occurring  7  hours  into  the  test.  The  effect  of  this  step  change  can 
be  seen  by  observing  the  improvement  in  the  compensated  data  that  results 
from  the  deletion  of  the*  first  ten  hours  of  data  (Run  2a)  from  the  data  record, 
lhe  cause  of  tins  step  change  is  unknown.  Since  it  affected  both  gyro  axes 
and  did  not  recur  during  the  test  program,  it  is  thought  to  be  due  to  a  mo¬ 
mentary  loss  of  [lower  causing  the  gyro  w'hecl  to  lose  synchronism  for  a 
short  period. 

The  compensated  data  for  each  of  the  test  runs  were  further  analyzed  to 
determine  the  nature  of  the  growth  characteristic  of  the  drift  rate  variance 
with  time  as  described  above.  Figure  16  shows  the  results  of  this  analysis 
for  the  two  gyro  axes  for  Run  4.  Ihe  variance  does  not  increase  linearly 
with  time,  thus  indicating  that  the  drift  rate  does  not  exhibit  a  random  w'alk 
characteristic . 

The  variance  plot  for  the  compensated  X-axis  data  from  Run  2  is  shown  in 
Figure  17  along  with  a  similar  plot  for  the  last  24  hours  of  that  run  (Run 
2a).  The  only  significant  difference  in  the  two  data  records  is  the  0.  0004 
/hr  step  change  which  occurred  after  approximately  the  first  7  hours. 

The  effect  of  this  event  on  the  calculated  variance  growth  characteristic  is 
dramatic  and  the  need  for  well  controlled  and  monitored  tasting  is  obvious. 
Other  factors  which  could  adversely  affect  this  type  of  performance  analysis 
include  drift  ramps  or  cyclic  variations  caused  by  measurement  equipment 
instability  or  uncompensated  external  inputs  (e.  g.  ,  periodic  tilts  due  to  local 
traffic  patterns  or  other  daily  variations). 
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4.  SUMMARY 


The  SDG-5  dry  tuned  gyro  is  capable  of  extremely  low  noise  performance  and 
is  well  suited  for  use  in  a  wide  variety  of  space  and  terrestrial  applications 
where  this  characteristic  is  important.  The  nature  of  the  noise  signature  of 
the  SDG-5  is  such  that  its  drift  rate  can  be  modelled  by  a  flat  spectrum  with 
no  discernible  random  walk  content.  The  DR  1R U  II  strapdown  redundant 
attitude  reference  unit,  which  employs  the  SDG-5  gyro  for  rate  sensing, 
has  also  shown  extremely  low  noise  performance  in  the  standard  configur¬ 
ation  and  in  a  modified  version  optimized  for  resolution  in  a  low  rate  sens¬ 
ing  mode. 
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INTRODUCTION 


Litton  first  became  aware  of  Air  Force  requirements  for  combined 
environmental  testing  of  the  AGM-86  in  the  fall  of  1976.  At  this  time  we 
were  concurrently  participating  in  the  AGM-86  TCP- 12  1  trade  studies 
program  through  the  Boeing  Aerospace  Company  and  responding  to  the  USAF 
AGM-86  FSD  phase  RFP.  After  an  extensive  and  fruitless  search  for  exist¬ 
ing  facilities  other  than  the  Air  Force  Flight  Dynamics  Laboratory  (which 
was  not  available),  and  capitalizing  upon  our  progressive  attitude  toward 
reliability  requirements,  Litton  initiated  action  directed  toward  building  its 
own  Combined  Environmental  Test  (CET)  facilities  to  support  the  pending 
AGM-86  FSD  contract. 

A  full-scale  CET  design  and  procurement  program  was  initiated  in  the 
fall  of  1976,  which  culminated  in  "on  line"  facilities  early  in  1978.  Since 
that  time  the  operation  has  been  refined  and  expanded. 

In  recent  months  the  CET  requirements  for  the  AGM-86  have  undergone 
several  modifications  and  changes.  These  changes  now  appear  to  be  firm 
and  include  modification  of  the  original  CET  requirements  to  include  some 
of  the  environmental  qualification  test  requirements.  CET  testing  of  the 
AGM-86  is  scheduled  for  the  period  September  1979  through  November  1979 
in  the  GCS  test  facility.  One  system  will  be  subjected  to  the  combined  en¬ 
vironments  of  high  temperature,  low  temperature,  humidity,  altitude,  and 
random  vibration. 

The  test  plan  calls  for  a  minimum  of  eight  environmental  cycles  of 
28  hours  duration  each.  Test  results  that  are  available  before  the  October 
10  symposium  will  be  presented  at  the  symposium  along  with  the  published 
paper. 


CET  FACILITY 


BACKGROUND 

Many  of  the  people  involved  in  environmental  testing  of  airborne  avionics 
have  long  been  disturbed  by  the  existing  test  techniques,  that  is  to  say  the 
sequential  nature  of  environmental  qualification  exposure  such  as  tempera¬ 
ture,  altitude,  humidity,  vibration,  shock,  etc.  Even  with  the  combination 
of  temperature  and  altitude,  it  is  still  essentially  a  series  of  environmental 
exposures.  Air  borne  vehicles  simply  do  not  experience  environments  one 
at  a  time.  A  reasonable  argument  can  be  formulated  for  exposing  equip¬ 
ment  to  such  environments  as  shock,  sand  and  dust,  explosion,  and  salt  fog, 
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and  can  produce  failure  mechanisms  that  ,  Itaneously  in  airborne  vehicles 
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flight  Dynamics  Laboratory,  publ i.h.d  taM.rch  f? Tb" c*rf E°r" 
interest  at  Litton  GCS.  It  was  felt  that  fh„  6>  eated  considerable 

in  the  paper  was  an  extremely  useful  and  meaniag^teltmetho?0^680 
when  the  requirement  for  the  AHM  sa  .  .  ,  ^  st  method.  1  herefore, 
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PHYSICAL  CHARACTERISTICS 


Labor ate0rvtt0?hCE1hfaCKility  HaS  beGn  installed  in  the  Environmental 
is  located  in  an  enclosed^est^a.  °  sTe  F^re  V^AU  ^  t‘\e  Contr°1  console 

zrz  1  The  :sipbmeerntsharr immedi:ate,y 

(chamber  on  top  of  a  shaker)  arrant  *  V  COmblnatlon  18  a  piggy-back 
approximately  75  cubic  feet.  ^  Wlt  3  llsab,e  chamber  volume  of 


Although  the  Litton  CET  is 
lightweight  airborne  equipment, 
The  approximate  weight,  power 
facilities  are: 


intended  for  the  testing  of  comparatively 
the  facility’s  requirements  are  considerable, 
requirements,  and  space  allocations  of  the 


Shaker  and  amplifier 

Chamber  (including  ECA) 

Chamber  control 

Chamber  ancillary  (vacuum 
pump,  refrigeration,  (2)  com¬ 
pressor,  dryer,  boiler) 

Power  substation 

Water  tower 

Total  weight 

Average  power  requirements 
Test  area 

Ancilliary  equipment  space 


10, 500  pounds 
1  0,  500  pounds 
700  pounds 

14,  225  pounds 
5,  000  pounds 
3,  000  pounds 
43,  925  pounds 
235  kva 

450  square  feet 
1125  square  feet 
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PERFORMANCE  CAPABILITIES 


The  CET  can  be  operated  over  a  wide  range  of  environments  that  include 
chamber  temperature,  humidity,  and  altitude;  cooling  air  flow,  temperature, 
and  humidity;  shaker  vibration  and  shock. 

The  CET  can  be  operated  :n  a  fully  automatic  mode  or  can  be  controlled 
manually.  The  entire  range  of  capabilities  can  be  achieved  by  either  mode 
of  control. 


The  performance  capabilities  a 

Environmental 

Chamber  temperature 
Humidity 
Altitude 
V  ibration 

Shock 

Cooling  air 
Flow 

T  emperature 
Humidity 


Ranges 

-73C  to  121C;  15C/minute  (avg)  rate 

20%  to  99%  relative 

Sea  level  to  80,  000  ft 

10,  000  lb  force,  sinusoidal 
8,  000  rms  lb  force,  random 

15g,  8  millisec,  half-sine 

0.  5  to  8  lb  / min 

-54C  to  93C;  15C/minute  rate 

150  grains/lb  from  0.  5  to  8  Ib/min 


AGM-86  COMBINED  ENVIRONMENT  TEST 


BACKGROUND 

During  the  design  and  developmental  stages  of  the  AGM-86  program, 
several  iterations  of  the  environmental  test  plan  have  occurred.  Originally 
it  was  planned  to  subject  systems  to  combined  environmental  tests,  mission 
profile  simulation  tests,  and  environmental  qualification  tests.  Because  of 
the  similarity  between  the  mission  profile  simulation  (worst-case  actual 
environments)  and  the  combined  environmental  tests  (generalized  combined 
environmental  step  stress)  the  two  were  combined  into  a  modified  CET.  The 
length  of  the  new  CET  cycle  was  increased  from  8  to  18  hours.  Somewhat 
later  a  further  combining  was  effected  where  the  CET  and  the  temperature- 
humidity-altitude  portion  of  the  environmental  qualification  test  were  appro¬ 
priately  merged  into  one  test.  The  length  of  the  new  CET  cycle  was  further 
increased  from  18  hours  to  28  hours. 
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SCHEDULE 


Combined  environmental  testing  of  the  AGM-86  is  scheduled  for  the 
period  September  1979  through  November  1979  in  the  Litton  CCS  test  facilities. 
One  system  will  be  subjected  to  the  combined  environments  of  high  tempera¬ 
ture,  low  temperature,  humidity,  altitude,  and  random  vibration.  The  test 
plan  calls  for  eight  cyc'es  of  combined  environments  of  28  hours  duration 
each.  After  successful  completion  of  the  eight  cycles,  the  system  will  be 
exposed  to  two  cycles  of  28-hour  duration  at  1  I0av  CET  level  followed  by 
two  cycles  at  120 ^ o  CET  level. 

During  the  first  eight  cycles,  all  failures  will  be  subjected  to  repair/ 
corrective  action  and  the  corrective  action  will  be  exposed  to  eight  full  cycles 
of  failure  tree  operation.  During  the  last  four  cycles  (two  at  1  10iro  and  two 
at  I200o)  failures  will  be  repaired  and  only  the  remaining  portion  of  the  test 
performed. 

ENVIRONMENTS 

The  28-hour  basic  combined  environmental  cycle  is  shown  in  Figure  3. 

The  details  of  the  cycle  is  as  follows.  : 

Step  T  ime  Conditions 

1  T  +  0  Reduce  chamber  temperature  to  -65F  within  a  2 -hour 

period. 

2  T+2  hr  Reduce  chamber  pressure  at  a  rate  of  100  to  1500  feet/min 

to  50,  000  feet  altitude  while  maintaining  the  specified 
(-65F)  temperature.  The  time  duration  of  this  step  shall 
be  4  hours. 

3  T +6  hr  Turn  on  warmup  power  to  the  INE  and  begin  warmup. 

Apply  vibration.  Begin  coolant  air  flow.  Continue  this 
mode  until  the  INE  is  to  operating  temperature  (40  min¬ 
utes  maximum). 

4  T+6  hr  Discontinue  vibration.  Turn  INE  on  at  a  minimum  voltage, 

40  min  and  begin  alignment.  Align  for  30  minutes.  Switch  to 

navigate,  apply  vibration  and  maintain  for  2  hours.  The 
time  duration  of  this  step  is  2  hours  and  30  minutes. 

5  T+9  hr  Discontinue  vibration,  switch  from  navigation  to  align  and 

10  min  perform  a  30  minute  alignment.  Maintain  coolant  flow. 

6  T+9  hr  Switch  to  navigate  and  change  coolant  temperature  and  flow 

40  min  rate.  Apply  vibration.  Continue  to  navigate  for  2  hours. 

*These  details  have  not  yet  been  finalized  and  may  be  subject  to  change. 


Step 


T  ime 


Concl  it  ions 
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8 


9 


10 


1  1 

12 


13 


T+l  1  hr 
90  min 


T+14  hr 
10  min 


T+18  hr 
40  min 


T+19  hr 
20  min 

T+2  1  hr 
50  min 

T  +  22  hr 
20  min 

T+2 4  hr 
20  min 


Discontinue  vibration  and  turn  off  all  power  to  INE,  within 
the  next  30  minutes  raise  chamber  pressure  and  tempera¬ 
ture  to  ambient  conditions  and  increase  coolant  temperature 
to  ambient  temperature.  After  attaining  ambient  pressure 
and  temperature  raise  chamber  RH  to  95%  and  maintain  for 
2  hours. 

During  the  next  30  minutes,  increase  the  chamber  and 
coolant  temperature  to  140F  while  maintaining  a  constant 
absolute  humidity.  The  relative  humidity  shall  be  allowed 
to  adjust  naturally.  Maintain  temperature  and  humidity 
conditions  for  4  hours.  Maintain  coolant  flow  at  140F  for 
only  the  first  2  hours  of  this  step. 

Turn  on  warmup  power  and  begin  warmup.  Apply  vibration. 
Begin  coolant  flow  at  the  specified  temperature  with  the  cor¬ 
responding  flow  rate.  Continue  this  mode  until  operating 
temperatures  are  attained  (40  minutes  maximum). 

Discontinue  random  vibration.  Turn  INE  on  at  maximum 
voltage  and  begin  alignment.  Align  for  30  minutes.  Switch 
to  navigate,  apply  vibration  and  navigate  for  2  hours. 

Discontinue  vibration,  switch  from  navigation  to  align  and 
perform  a  30 -minute  alignment.  Maintain  coolant  flow. 

Switch  to  navigate  and  change  coolant  to  hottest  specified 
temperature  and  the  corresponding  flow  rate.  Apply  vibra¬ 
tion.  Continue  to  navigate  for  2  hours. 

Discontinue  vibration  and  turn  off  power  to  the  INE.  During 
the  next  2  hours  reduce  the  chamber  and  coolant  tempera¬ 
ture  at  a  uniform  rate  to  standard  ambient  temperature. 

At  the  end  of  the  2-hour  period  the  relative  humidity  shall 
be  95%.  Maintain  these  conditions  for  2  hours. 


Once  the  eight  basic  cycles  have  been  successfully  completed,  two  cycles 
at  110%  CET  level  and  two  cycles  at  120%  CET  level  will  be  performed. 

See  Tables  I  and  II. 
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TABLK  1 

CKT  DKKINITION 


COMB  IN  KB 

TAMl.K  M 
KN  V  IK  ONM  KNTA I 

TKST SKQUKNCK 

Test  Sequence 

Test  Description 

Test  Knv ironincnt 

1 

Kifjht  cycle's 

1  00"!>  env  level 

> 

Two  cycles 

l  1  iV’o  env  1  evel 

3 

Two  cycles 

I20"!i  env  level 

K  KKI'R  L'NCKS 


('rather,  D.  K.  and  Karla,  0.1..  "Combined  environment  Reliability 
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ABSTRACT 


The  Rockwell  Advanced  Stable  Platform  (ASP)  was  designed  and  built  to  provide 
an  appropriate  test-bed  environment  for  the  CSDL-designed  Third  Generation 
Inertial  Instruments  (TGI I ) .  These  instruments  are  used  in  the  floated- 
platform  A1RS-IMU  currently  in  the  advanced  stages  of  development.  This 
latter  IMU  is  required  to  provide  advanced  state-of-the-art  accuracy  for  new 
and  upcoming  ballistic  systems  appl ications .  The  ASP  IMU  is  especially  use¬ 
ful  as  a  test  bed  due  to  its  four-gimbal led  unlimited  angular  freedom  and 
platform-mounted  mirrors  for  optical  readout. 

The  ASP  system  has  been  mechanized  with  a  version  of  the  Rockwel 1/Autonetics 
developed  "Advanced  Inertial  Mechanization"  (AIM)  which  was  described  in 
somewhat  detail  in  the  Proceedings  of  the  Eighth  Guidance  Test  Symposium, 

Volume  1,  ADTC  TR  77-3.  The  co-authored  paper  presented  therein  is  entitled, 
"An  Advanced  Software  Mechanization  For  Calibration  and  Alignment  of  The 
Advanced  Inertial  Reference  Sphers  (AIRS)".  And,  since  the  paper  presently 
described  herein  reports  performance  assessment  and  evaluation  of  the  AIM- 
mechanized  ASP,  along  with  test  results  and  further  delineation  of  techniques, 
it  can  be  considered  in  many  respects  as  a  sequel  to  the  above  cited  works. 

In  addition  to  a  brief  presentation  of  AIM/ ASP  background  information,  the 
present  paper  gives  a  s unwary  description  of  the  pertinent  details  of  the  ASP 
mechanization,  with  particular  attention  given  to  the  Auxiliary  Reference 
Monitor  (ARM)  portion  of  it.  The  ARM  mechanization  utilizes  external  auto¬ 
collimators  and  other  reference  devices  to  provide  an  optical  system  for  pre¬ 
cision  instrumentation  of  ASP  alignment  and  other  performance  features.  Sig¬ 
nificantly  new  and  novel  mechanization  techniques  are  used  to  provide  remark¬ 
ably  rapid  measurement  response-time  with  very  low-bandpass  characteristics 
with  regards  to  noise.  A  summary  of  performance  results  is  also  given  for 
both  IMU  calibration  and  alignment,  presented  in  terms  of  unclassified  non- 
dimensional  ratios  of  statistical  measures  of  achieved  ASP  performance  to  a 
like  measure  of  specification  performance  established  for  the  "MPMS-version" 
of  the  AIRS  IMU. 

The  paper  reports  mechanization  developments  and  test  findings  which  had 
essential  bearing  upon  achieving  the  excellent  performance  obtained  using 
Kalman  filtering  techniques  for  accomplishing  completely  self-contained 
calibration  and  alignment,  without  external  references.  These  topics  include 
"Dynamic  Error  Model ing" ,  "Computational  Algorithms",  and  "Special  Pre-correla¬ 
tion  Techniques"  which  contributed  directly  to  repeatable  unbiased  calibration 
results.  Other  topics  include  "Composite  Drift  Rate  Trend  States",  "Torque- 
word  and  SFIR  Data  Delay  Compensation",  "Gyro  Float-Motion  Compensation", 
and  "Reference  Torquing  Techniques"  which  especially  contribute  to  achieving 
repeatable  unbiased  platform  azimuth  alignments. 

Other  discussion  presents  the  Auxiliary  Reference  Monitor  Techniques  which 
gave  way  to  an  Automatic  Absolute  Azimuth  Verification  (AAV)  mechanization 
in  which  platform  mounted  mirrors  are  referred  to  an  external  precision 
azimuth  monument  which  is  maintained  in  an  isolated  controlled  environment. 

An  error  analysis  of  the  AAV  instrumentation  is  included. 


The  ARM  system  also  provides  an  Automatic  Platform  Mirror  Calibration 
mechanization  which  utilizes  precision  measurements  of  gravity  (via 
platform-mounted  SFIR(s))  to  tie  the  mirror-normals  to  the  platform 
reference-coordinate  frame.  Damped  Mercury  Pools  are  used  to  provide 
optical  level -reference  for  the  mirror-normals,  the  precision  of  which 
ultimately  reflects  into  the  ability  to  achieve  precise  azimuth  measure¬ 
ments  with  the  platform-mounted  mirrors.  An  error  analysis  of  the 
Mirror  Calibration  instrumentation  is  also  included. 

Finally,  a  technique  for  calibrating  the  external  autocollimators 
immediately  prior  to  obtaining  measurements  from  them  is  described. 

The  technique  consists  of  utilizing  a  computer-controlled  servo  table 
which  removes  a  pentaprism  from  the  autocollimator/monument-mirror 
line-of-sight  just  prior  to  making  an  autocollimator/platform-mirror 
measurement.  During  Automatic  Mirror  Calibration,  pentaprisms/mercury- 
pools  are  used  in  like  manner  to  calibrate  the  autocollimators  in  level. 
This  technique  removes  the  low-frequency  components  of  instability  from 
the  autocollimator  optical  references.  The  higher-frequency  components 
are  removed  via  filtering  in  the  data  collection  process.  An  error 
analysis,  as  well  as  empirically  obtained  results,  are  also  included  for 
these  operations. 

In  summary,  it  is  believed  that  many  of  the  techniques  developed  for  the 
ASP  system  are  new  innovations  having  useful  application  elsewhere;  and 
several  aspects  of  the  test  results  and  findings  can  contribute  to  improve¬ 
ments  in  performance  of  other  related  IMU  systems.  In  particular,  exper¬ 
ience  and  test  results  obtained  with  the  ASP  system  have  direct  application 
to  the  Advanced  Inertial  Reference  Sphere  (AIRS)  IMU. 
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Calibration  And  Alignment  Performance  Evaluation 
of  the  Rockwell  ASP-IMU  Test  Bed, 
Techniques  And  Results 


BACKGROUND  INFORMATION  ABOUT  THE  ASP  I MU 

The  Rockwell  Advanced  Stable  Platform  (ASP)  was  designed  and  built  to 
provide  an  inertial  systems  test-bed  environment  for  the  Third  Generation 
Inertial  Instruments  (TGI I ) ,  developed  by  the  Charles  Stark  Draper 
Laboratory  of  Cambridge,  Massachusetts.  The  ASP  IMU  is  especially  useful 
as  a  test  bed  due  to  its  four-gimbal led  design.  This  provides  unlimited 
angular  freedom  with  platform-mounted  mirrors  available  for  optical  read¬ 
out. 

ASP  hardware  design  provides  instrument  mounting  cavities  which  enclose 
the  TGII  inside  a  spherical  beryllium  platform.  The  cavities  are  ther¬ 
mally  insulated  to  eliminate  convection  heat  paths.  And  the  internally 
generated  heat  is  directed  to  the  instrument  mounting  flanges,  which 
are  controlled  to  provide  a  constant  temperature  heat-sink.  The  bulk 
temperature  of  the  spherical  platform  is  controlled  by  a  closed-system 
gas  flow,  along  fixed  paths,  beneath  an  insulating  shroud  attached  to 
and  enclosing  the  ball.  With  this  arrangement,  the  TGII  performance 
is  relatively  independent  of  platform  motion  and  orientation  with 
respect  to  the  housing  or  an  earth-fixed  frame. 

The  ASP  software  mechanization  provides  self-contained  calibration  and 
alignment  of  the  IMU,  without  the  need  for  external  references.  However, 
the  ASP  platform  is  equiped  with  auxiliary  external  references,  which 
include  the  mirror/autocollimator  optical  readout,  gimbal  resolver-null 
locking,  as  well  as  two-axes  level -detectors ,  etc.,  which  are  utilized 
by  a  software  mechanized  module  called  the  "Auxiliary  Reference  Monitor" 
(ARM).  The  ARM  subsystem  operates  independently  of  the  calibration/ 
alignment  process  and  provides  monitoring  of  alignment  error,  as  well  as 
an  efficient  diagnostic  capability  for  rapidly  identifying  and  isolating 
various  types  of  hardware  failures  or  performance  problems. 

Calibration  of  the  ASP  inertial  instrument  requires  level-axis  platform 
rotation,  in  turn,  about  three  non-colinear  (preferrably  orthogonal) 
platform-fixed  axes.  In  addition,  platform  rotation  about  the  local 
vertical  is  also  required  in  order  to  effect  observability  for  both 
calibration  and  platform  alignment.  The  level  rotations,  or  tumbling, 
causes  the  local  gravity-vector  to  probe  along  instrument  axes  in  such 
a  way  as  to  excite  acceleration  sensitive  parameters,  producing  distinct 
error-propagations  into  the  accelerometer-derived  calibration  observables. 
Rotation  about  the  local  gravity-vector  effects  separation  of  platform 
drift  rate  fixed  in  the  platform  and  that  fixed  in  the  earth  due  to 
alignment  error. 


The  self-contained  software  mechanization  for  the  ASP  has  been  developed 
from  test  results  experience,  over  the  past  years,  on  various  floated 
platform  and/or  TGII  hardware  applications.  The  present  configuration  has 
evolved  from  its  conception  on  the  SABRE  I  MU  test  program  (a  predecessor 
of  the  AIRS  IMU),  through  its  application  in  the  MPMS/AIRS  program  to 
its  current  implementation  on  the  Rockwell  ASP.  Thus,  the  self-contained 
calibration  and  alignment  mechanization,  developed  by  the  Autonetics  Division 
of  Rockwell,  is  also  a  "Third  Generation"  mechanization  concept,  denoted  by 
the  name  "Advance  Inertial  Mechanization,"  or  simply  AIM. 

The  remainder  ot  this  paper  is  devoted  to  a  further  description  of  the 
mechanization,  a  delineation  o'7  pertinent  test  results  and  findings,  and 
a  summary  of  performance  results  for  evaluation  of  the  current  ASP  hardware/ 
software  combination. 

SUMMARY  DESCRIPTION  OF  THE  AIM/ASP  MECHANIZATION 

The  AIM  mechanization  provides  for  determination  of  all  of  the  inertial 
instrument  calibration  parameters  which  are  observable  in  a  one-g  gravi¬ 
tational  field.  This  includes  instrument  axes  misalignment  and  platform 
axes  orientation  relative  to  a  local ly-level  (or  launch-point)  earth- 
referenced  geographic  frame.  The  multitude  of  calibration  parameters  ~ 
also  includes  instrument  scale  factors,  bias  errors,  g-sensitive  and  g  - 
sensitive  parameters,  and  certain  parameter  trends.  Other  error  parameters 
(including  those  unobservable  in  a  one-  q  field)  are  determined  at  the 
instrument  level  of  testing,  and  used  in  the  mechanization  to  provide 
compensation.  The  observable  error  parameters  are  modeled  in  a  real-time 
on-line  Kalman  filter  which  processes  the  SFIR  (accelerometer)  derived 
data  to  generate  error  estimates,  while  the  platform  is  commanded  along 
its  tumbl ing/carrousel ing  calibration  trajectory.  Thus,  the  calibration 
is  accomplished  in  a  completely  automatic,  self-contained  way.  The  azimuth 
orientation  of  the  platform  axes,  relative  to  earth  axes,  is  also  determined 
without  the  use  of  direct  external  aids.  Only  the  indirect  influence  of 
earth's  gravity  and  spin-rate  vectors  is  utilized  in  the  calibration  and 
alignment  process. 

Among  several  noteworthy  features  of  the  AIM  mechanization  is  its  modular 
design  concept  based  upon  functional  building  blocks.  Many  of  the  functional 
modules  are  common  to  each  of  the  various  system  modes  of  operation.  Thus, 
an  integrated  modular  mechanization  approach  eliminates  duplication  of 
computer  program  coding  and  checkout  along  with  the  related  initialization 
and  mode  transition  problems.  The  modular  design  is  illustrated  in 
Figure  1.  Another  important  feature  of  the  modular  design  is  the  ease 
and  efficiency  it  affords  for  making  program  changes  and  improvements. 

Impact  of  coding  changes  and  checkout  are  localized  to  the  particular 
modules  being  modified. 

There  are  four  basic  system-performance  operating  modes  provided  by 
appropriate  linkage  and  initialization  of  the  basic  functional  building 
blocks  comprising  the  mechanization.  A  rapid  align  mode  is  provided 
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for  1MU  start-up  to  quickly  locate  the  local-gravity  and  earth's  spin 
vectors  in  the  platform  frame.  This  coarse  alignment  precedes  a  rapid 
cal /align  mode  designed  to  provide  system  calibration  and  nominal 
alignment  in  a  reasonable  time  following  start-up.  After  the  initial 
calibration  and  alignment  is  accomplished,  one  of  the  two  remaining 
modes  may  be  entered.  A  continuous  carrousel  alignment  (rotation  about 
vertical)  is  provided,  which  effects  precision  platform  alignment  with 
limited  update  of  calibration  parameters.  Or,  a  continuous  optimum 
cal/align  mode  is  provided  in  which  the  platform  rapidly  carrousels 
about  vertical  while  slowly  tumbling  about  level  along  the  calibration 
trajectory.  The  rapid  carrousel  provides  precision  alignment  while  the 
slow  tumble  provides  calibration  parameter  updates  to  overcome  the 
degrading  effects  of  long-term  instrument  parameter  instabilities. 

An  important  feature  of  AIM  is  the  method  of  processing  SFIR  output 
data  to  compute  the  observables.  The  whole-value  SFIR  data  is 
processed  and  made  available  on  magnetic  tape  for  independent  off¬ 
line  processing.  This  data  is  also  used  on-line  where  the  computed 
"SFIR"  outputs,  as  predicted  by  the  on-line  computer-modeled  platform 
algorithm,  are  subtracted  to  yield  the  on-line  real-time  cal/align 
observables.  The  off-line  data  processing  can  achieve  very  significant 
savings  of  test  time  and  cost  in  investigative  studies  for  determining 
error-model  refinements  or  establishing  their  validity.  The  mechanization 
features  are  illustrated  in  Figure  2. 

MECHANIZATION  DEVELOPMENTS  FROM  PAST  TESTING  OF  AIRS 

A  number  of  features  included  in  the  AIM  mechanization  were  established 
during  testing  of  the  MPMS/AIRS  IMU.  The  Missileborne  Performance 
Measurement  System  (MPMS)  program  was  completed  in  July  1976,  and 
culminated  in  an  instrumentation  flight  from  VAFB.  A  "second-generation" 
AIM  mechanization  was  used  for  cal/align  supporting  that  flight.  During 
the  MPMS  program,  a  considerable  amount  of  system  test  data  was  obtained. 
From  these  data,  a  number  of  error  mechanisms,  not  catastrophic  but 
significant  in  magnitude,  were  identified.  This  has  made  possible  the 
further  refinement  of  the  cal/align  error-models  used  in  the  updated 
third-generation  version  of  AIM. 

Some  of  the  mechanization  features  and  techniques  developed  and  proven 
on  the  MPMS/AIRS  program  are  a  SFIR  Da^ta  Prefi 1  ter,  Gravity-Residual 
SFIR  calibration  technique,  and  the  Gyro  Reference  Torquinq  calibration 
technique.  Some  of  the  error-mechanisms  discovered  during  the  program 
are  Platform-Cocking  due  to  precessional  torques  on  the  gyro  float  along 
with  the  finite-stiffness  of  its  suspension.  Axial  Float-Motion  during 
tumbling  due  to  imperfect  floatation,  and  Trending  of  the  Spin  and 
Input  axes  mass  unbalance  coefficients  with  time. 

The  SFIR  data  prefilter  provides  observables  for  the  Kalman  filters 
used  for  SFIR  and  gyro  calibration  and  platform  alignment.  The  pre¬ 
filter  groups  the  propagations  of  all  error  states,  observed  in  the 
SFIR  data,  into  three  categories,  or  composite  states,  modeled  over  a 
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relatively  short  prefilter  peiod  of  six-minutes.  The  composite  states 
are  acceleration  error-rate  (drift-rate),  acceleration  error  (platform 
tilt),  and  initial  velocity  error.  The  prefilter  performs  least-squares 
data  fits  to  the  SF1R  velocity-error  data.  The  prefilter  input  from  the 
SFIR(s)  occur  at  a  100-Hz  rate.  The  output  to  the  cal/align  filters 
occurs  each  six-minutes.  All  of  the  system  alignment  and  calibration 
error  states  are  modeled  in  the  Kalman  filter  in  terms  of  the  prefilter 
composite  acceleration-error  state.  Thus,  the  prefilter  reduces  the 
data  rate  while  eliminating  what  would  otherwise  be  very  significant 
components  of  error  in  the  SFIR  data  due  to  quantization,  vibration, 
encoder  harmonics,  PIG-PIGA  misalignment,  and  bearing  run-out  effects. 

The  rate  output  is  useful  in  a  performance-moni toring/faul t-detection 
scheme;  and  the  velocity  error  estimate  is  used  to  initialize  platform 
velocity  which  would  otherwise  be  in  error  at  the  time  of  missile-launch. 

The  gravity-residual  SFIR  calibration  techniques  obtains  its  observable 
from  the  three  instrument  outputs.  These  outputs,  appropriately  combined 
and  compensated,  are  compared  with  the  known  magnitude  of  launch-point 
gravity  to  yield  the  vertical  component  of  the  acceleration-error  vector. 
This  observable  is  virtually  independent  of  nominal  platform  misalignment 
and  gyro  errors,  which  propagate  only  in  the  level-plane.  Thus,  the 
techniques  serves  to  isolate  the  SFIR  calibration  from  the  gyro  calibration 
and  platform  alignment  process.  This  protection  is  necessary  to  avoid 
undue  sensitivity  to  relatively  small  gyro-related  modeling  errors;  which 
are  small  only  from  a  gyro  calibration  accuracy  point  of  view. 

The  gyro  reference  torquing  technique  provides  precision  calibration  of 
scale  factor  and  axis  alignment  errors.  The  techniques  can  be  used  during 
calibration  and/or  alignment.  It  provides  rapid  calibration  of  the  gyro 
frame  with  respect  to  an  orthogonal  platform  reference  frame.  It 
calibrates  independently  of  the  earth-rate  coupling  effect  normally 
depended  upon  for  an  observable  measurement  of  the  errors.  Perturbation 
torquing  rates  are  applied  to  each  of  the  three  orthogonal  platform  axes, 
via  gyro  torquers.  These  perturbation  rates  increase  the  signal -to-noise 
ratio  of  the  measurement  data,  with  respect  to  the  gyro-frame  errors; 
and  the  modulation  results  in  rapid  separation  of  these  errors  from  others 
that  produce  platform  drift  rate.  When  a  perturbation  rate  is  applied  to 
the  ^th  axis,  the  ^th  axis  torquing  scale-factor  error  causes  a  drift  rate 

about  the  ^th^  axis.  When  the  ^thi  axis  is  misaligned  about  the  jth  axis,  a 

rate  on  the  ^t]i  axis  couples  into  a  drift  rate  occurring  on  the  ^ th  axis. 

Without  reference  torquing,  observability  does  not  exist  for  separating 
certain  components  of  gyro  axes  misalignments  and  azimuth  error,  during 
the  vertical  carrousel  mode  of  platform  alignment. 
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NEW  DEVELOPMENTS  FROM  ASP  TEST  RESULTS  AND  FINDINGS 

During  the  ASP  hardware/software  development  and  checkout  portion  of 
the  program,  a  number  of  new  developments  and  findings  were  made. 

Gyro  Axial  Float  Motion 


As  previously  mentioned,  MPMS/AIRS  testing  revealed  certain  unmodeled 
error  mechanizations  affecting  IMU  performance.  One  of  the  error 
mechanisms  ia  a  gyro  axial  float-motion,  which  produces  a  drift  rate 
corrupting  the  calibration  of  gyro  scale  factor  and  axes  misalignments, 
during  tumbling  in  the  one-g  field.  Gyro  mass  unbalance  calibration 
is  similarly  affected,  but  to  a  somewhat  negligible  degree.  In  order 
to  eliminate  the  deleterous  effect  upon  scale  factor  and  axes  calibration, 
an  additional  carrousel  rotation  was  added  to  the  calibration  trajectory. 


The  new  trajectory  is  identical  to  that  used  for  the  MPMS/AIRS,  except 
a  360-degree  vertical  rotation  is  performed  between  the  fifth  and  sixth 
90-degree  level  tumbles  performed  about  orthogonal  platform-fixed  axes. 

The  second  360-degree  vertical  rotation  (carrousel),  which  was  originally 
introduced,  is  retained  and  occurs  after  the  sixth  tumble  to  complete 
the  calibration  process.  In  both  carrousel  rotations,  the  first  180-degrees 
of  rotation  is  made  during  a  six-hour  period,  while  gyro  axial  float 
position  reaches  steady-state.  During  the  second  180-degrees  of  rotation, 
the  reference  torquing  technique  is  used  to  re-calibrate  the  gyro  scale- 
factor  and  axes  misalignments.  At  the  end  of  the  carrousel  rotation, 
reference  torquing  is  turned  off  and  the  Kalman  filter-gains  for  scale- 
factor  and  axes,  alone,  are  kept  zeroed  until  after  the  sixth  tumble 
and  first  180-degrees  of  the  last  carrousel  have  been  completed.  The 
two  periods  of  three-axes  reference  torquing  are  performed  at  platform 
orientations  separated  by  90-degrees  relative  to  the  gravity  vector. 

Thus,  they  provide  complete  observability  for  re-calibrating  all  nine 
gyro  scalefactor  and  axes  errors.  This  occurs  during  periods  of  absence 
of  any  axial  float  motion.  The  cal/align  trajectory  is  illustrated  in 
Figure  3. 

Platform-Cocking 

Another  unmodeled  error  mechanism  is  that  of  platform-cocking  about  the 
input  axes  of  each  gyro  to  which  a  torquing  rate  is  being  applied.  Since 
the  net  rotation  angle  is  proportional  to  the  gyro  float  suspension 
stiffness  (spring  coefficient)  and  the  applied  torquing  rate,  a  real¬ 
time  computation  of  the  motion  (or  its  effect)  is  now  used  to  compensate 
the  error  wnile  operating  on-line. 

Torque-Word  Delay 

An  error  source  also  requiring  compensation  similar  to  that  for  platform- 
cocking  is  torque  word  transmission  delay.  A  time-delay  in  applying  the 
gyro  torque  words  produces  an  azimuth  bias  error  proportional  to  the 
carrousel  rate  and  the  time  delay.  An  even  more  serious  problem  arises 
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when  the  delay  is  present  during  reference  torquing.  The  drift-angle 
response  is  confused  with  and  interpreted jis  being  a  scale- factor  or 
axes  alignment  error  of  about  5-ppm  or  1-sec  per  millisecond  of  delay. 

This  error  can  result  in  subsequent  azimuth  alignment  bias  error  of 
like  magnitude.  One  cannot  overemphasize  the  importants  of  accounting 
for  all  input/output  data  transmission  delays,  as  well  as  any  internal 
delays  produced  by  data  filtering,  sampling,  etc. 

SFIR  Data  Delay 

On  the  ASP  IMU,  a  3.1-msec  delay  in  SFIR  data  sampling  has  been  purposely 
introduced  to  avoid  overlapping  certain  communications  read/write  cycles. 

It  was  found  necessary  to  also  account  for  this  delay,  at  the  SFIR  data 
level,  because  of  the  resulting  data-lag  occurring  when  platform  rates 
normal  to  the  gravity  vector  were  applied. 

Gyro  Mass  Unbalance  Trends 

A  very  determental  error  source  which  degraded  alignment  on  the  MPMS/AIRS 
IMU  was  a  trending  of  the  gyro  spin-axis  and  input-axis  mass  unbalance 
coefficients  with  time.  Some  unanswered  questions  still  remain  concern¬ 
ing  the  exact  error-model  behavior  of  these  drift  rate  trends.  Data  from 
the  MPMS/AIRS  testing  shows  a  somewhat  random,  at  least  unpredictable, 
nature  of  the  trends  over  periods  of  several  days.  This  is  indicated 
by  back-to-back  calibrations  completed  at  about  48-hour  intervals.  The 
stop-gap  solution  on  the  MPMS  program  was  to  fit  a  "best"  straight  line 
slope  to  a  plot  of  the  gyro  bias  compensation  data  obtained  during  a 
carrousel  alignment.  The  estimated  slope  numbers  were  used  for  compen¬ 
sation  on  a  following  alignment.  The  lack  of  stability  of  the  trends 
was  evidenced  by  an  inability  to  predict  their  future  values  with  sufficient 
accuracy. 

The  solution  used  for  the  ASP  program  consists  of  modeling  composite 
drift- rate  bias  trends  on  each  of  the  three  platform  axes.  These  are 
enabled  during  carrousel  alignment  to  track  the  net  drift-rate  trend 
and  provide  compensation  for  it.  An  uncompensated  trend  prevailing 
along  a  vertical-axn  causes  a  bias  azimuth  error.  An  uncompensated 
trend  along  a  level-axis  causes  sinuous  propagations  of  azimuth  error, 
as  the  platform  is  carrouseled.  Individual  trends  for  each  mass  un¬ 
balance  parameter  cannot  be  modeled  during  alignment,  for  lack  of 
observability.  Only  the  net  composite  trends  are  observable.  At 
present,  additional  testing  and  error-model  investigations  are  planned 
before  attempting  to  model  the  trends  during  the  platform  calibration 
process. 
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Dynamic  Error  Modeling 

On  prior  test  programs,  such  as  MPMS/A1RS,  the  mobility  torquing  rates 
used  to  move  the  platform  along  its  tumbl ing/carrousel ing  cal/align 
trajectory  were  limited  to  about  30-deg/hr.  The  error  models  used  to 
relate  all  of  the  error-states  to  each  other,  and  to  the  observables, 
were  expressed  by  a  simplified  closed-form  approximate  solution. 

For  example,  it  was  found  to  be  quite  adequate  to  treat  direction- 
cosine  variables  as  being  constants  (mid-interval  values)  over  the 
6-minute  Kalman  cycle  when  integrating  them  with  respect  to  time. 

Also,  the  gyro  drift  rate  error-model,  in  which  dynamically  changing 
values  of  gravity  excitation  occur,  was  also  treated  as  having  constant 
parameters  over  the  Kalman  cycle.  These  simplifications  were  found  to 
be  grossly  inadequate  with  the  higher  mobility  rates  used  on  ASP. 

The  ASP  platform  uses  cal/align  mobility  rates  up  to  90-deg/hr. 

This  results  in  larger  changes  in  the  platform/earth  direction- 
cosines  and  the  gyro  drift-rates  during  each  six-minute  filter 
cycle.  While  the  simplified  filter  models  continued  to  be  adequate 
at  30-deg/hr.  rates,  the  Kalman  estimates  of  system  errors  deteriorated 
and  converged  to  erroneous  values  when  the  mobility  rate  was  progressively 
increased  to  the  90-deg/hr.  level.  Using  IBM-computer  simulations  with 
numerical  integration  techniques,  the  problem  was  traced  to  the  simplified 
error-model  forms  used  in  implementing  the  Kalman  filter.  In  particular, 
estimation  of  the  g-sensitive  and  g^-sensitive  gyro  parameters  was  seri¬ 
ously  affected.  The  simplified,  mid-point  constant  products-of-variables 
approximation  turns  out  to  be  the  constant-term  of  a  series  representation 
of  the  products  of  time-varying  direction-cosines.  Some  of  the  g2-param- 
eters  have  cubic  products  of  variables.  The  problem  was  corrected  by 
adding  additional  matric  terms  to  the  filter  transition  matrix  and  the 
output  or  measurement  matrix.  These  additional  matric  terms  add  consid¬ 
erable  complexity  to  the  Kalman  filter  computations,  but  they  provide 
the  dynamic  error-modeling  necessary  to  achieve  required  estimation 
accuracy  at  the  higher  mobility  rates.  The  added  terms  include  all 
components  through  second-degree. 

Comp  u  t  a  t  j  on  a  1  A 1  _gori  thins 

A  computational  problem  very  similar  to  the  error-modeling  problem  also 
arose  in  computing  platform  direction-cosines  and  gravity  compensation 
for  the  cal/align  observables.  Since  errors  in  these  computations  affect 
accuracy  in  a  direct  first-order  sense,  the  effect  of  the  higher  mobility 
rate  upon  accuracy  was  even  more  devastating.  The  solution  was  an 
addition  of  higher-order  terms  to  the  direction-cosine  solution  algo¬ 
rithm.  Terms  through  fourth-degree  were  required.  A  similar  solution 
corrected  the  gravity  compensation  algorithm  problem. 


Special  Pre-correlation  Techniques 


A  very  important  finding  from  the  ASP  test-bed  program  resulted  in  a 
pre-correlation  technique  which  has  greatly  improved  the  overall 
accuracy  of  the  calibration.  In  the  past,  considerable  difficulty 
was  encountered  in  calibrating  the  gyro  j2-sensitivities.  Typically, 
under  the  best  of  conditions,  the  accuracy  of  system  estimates  of 
these  parameters  was  somewhat  poor.  With  the  pre-correlation  techni¬ 
que,  not  only  is  overall  parameter  estimation  accuracy  improved,  but 
in  particular,  the  g2-sensitivities  are  accurately  estimated  with 
relative  ease. 

The  estimation  problem  has  apparently  been  present  to  some  degree 
in  all  of  the  known  cal/align  mechanizations  for  the  AIRS/TGI  I  type 
cal/align  applications.  The  subtlety  arises  from  ignoring  the  fact 
that  some  type  of  coarse  pre-al ignment  is  required  in  order  to  bring 
the  alignment  error-states  into  the  range  of  a  linear  Kalman  filter. 
Typically,  a  form  of  gyrocompass  alignment  is  used  to  obtain  the 
rudimentary  knowledge  of  the  north  unit-vector,  as  required.  This 
pre-al ignment  may  in  some  cases  be  effected  by  a  few  iterations  of 
the  Kalman  filter,  with  the  platform  stationary,  before  re¬ 
initializing  and  beginning  the  calibration  trajectory  tumble.  In 
any  event,  the  gyrocompass  prealignment  biases  out  the  east-west  axis 
drift  rate  with  an  equivalent  equal  and  opposite-sign  azimuth  error. 

The  uncalibrated  system  normally  has  relatively  large  drift  rates,  and 
the  north-  south  axis  component  causes  a  correspondingly  large  north- 
south  axis  platform  tilt.  The  tilt  cannot  be  corrected  by  leveling 
error  resets  alone,  because  the  tilt  immediately  reappears  after  the 
reset,  due  to  the  uncompensated  drift  rate.  Thus,  attempts  to  model 
large  initial  conditions  for  level  tilts  in  the  Kalman  filter  covariance 
matrix  fails  to  alleviate  the  problem. 

The  detremental  effect  upon  the  estimation  process  begins  when  the 
platform  tumbling  rate  is  applied.  At  this  point  in  time,  the  Kalman 
filter  responds  as  though  the  initial  "uncorrelated"  tilts  had  been 
significantly  reduced;  and  expecting  an  error  response  due  to  gyro 
scale  factor  error,  proportional  to  the  newly  applied  rate,  the  filter 
gains  apply  a  large  amount  of  the  "unidentified"  tilt  observable  into 
an  erroneous  scale  factor  error  correction.  This  begins  a  chain  of 
events  that  compound  the  estimation  accuracy  degradation,  at  each  sub¬ 
sequent  filter  error-reset,  with  the  unaccounted  scale  factor  error 
being  particulary  confused  with  the  g2-sensitive  error  propagations. 

A  very  effective  solution  was  found  to  be  a  pre-biasing/pre-correlation 
technique  in  which  gyro  biasing  loops  were  added  to  the  stationary 
gyrocompass  pre-alignment  mode  used  for  coarse  al ignment  prior  to  Kalman 
calibration.  After  the  biasing  loops  reach  steady-state,  the  platform 
tilt  is  near  zero,  and  azimuth  error  is  strongly  correlated  wi th  all 
components  of  gyro  drift  rate  acting  along  an  east-west  axis  (this 
includes  biases,  g-sensitive,  g2-sensitive,  etc.)  Also,  the  sum  of  all 
drift  rate  components  acting  along  a  north-south  axis  add  up  to  zero. 


This  is  precisely  the  information  needed  by  the  Kalman  filter  covariance 
matrix  in  order  to  perform  the  subsequent  calibration  in  an  accurate 
manner.  The  information  is  passed  on  to  the  Kalman  filter  by  per¬ 
forming  a  pre-correlation  reset  upon  the  initial,  diagnoal  covariance 
matrix,  using  a  specially  computed  correlation  gain  matrix.  The 
correlation  gains  are  the  steady-state  leveling,  biasing,  and  gyro- 
compassing  gains  of  the  pre-alignment.  A  word  of  caution  at  this  point 
is  advice  that  the  "generalized"  Kalman  reset  equation  is  mandatory  for 
this  application.  With  the  reset  applied,  the  Kalman  filter  proceeds  in 
excellent  manner  with  the  calibration  process;  proving  once  again  the 
value  of  telling  the  Kalman  filter  the  truth. 

SUMMARY  OF  CALIBRATION  PERFORMANCE  RESULTS 

The  ASP  IMU  has  been  operating  with  SFIR(s)  and  gyro(s)  from  the  MPMS/AIRS 
program.  For  the  most  part,  the  same  set  of  TGII  have  been  used  throughout 
the  ASP  development  and  testing  program.  Thus,  the  performance  results 
presented  herein  are  representative  of  one  given  set  of  instruments.  In 
order  to  make  a  meaningful  assessment  of  the  quality  of  perfermance  obtained 
from  the  ASP,  the  first  objective  of  performance  testing  was  to  duplicate 
the  cal/align  baseline  testing  procedures  used  in  the  MPMS/AIRS  test  program. 
The  ASP  results  could  then  be  compared  statistically  to  AIRS  results  and  to 
the  MPMS/AIRS  IMU  error  budget  specifications. 

In  Table  I,  the  results  of  six  ASP  calibration  are  shown,  which  correspond 
to  the  MPMS/AIRS  baseline  test  conditions  (includes  filter  statistics, 
calibration  trajectory,  etc.).  The  first  three  calibrations,  #78-90 
through  #78-92,  were  performed  without  using  the  reference  torquing 
technique.  The  results  are  normalized  by  dividing  each  quantity  by  its 
corresponding  MPMS/AIRS  budgeted  specification  value.  The  second  group 
of  three  calibrations,  #78-93  through  #78-95,  were  obtained  immediately 
following  the  first  three,  and  under  the  same  test  conditions,  except 
the  reference  torquing  system  was  enabled. 

In  Table  II,  the  results  of  seven  calibrations  are  shown.  Again  the 
first  three,  #78-96  through  #78-98,  were  performed  without  reference 
torquing;  while  the  remainder,  #78-99  through  #78-102,  used  the  reference 
torquing  technique.  These  calibrations  were  made  immediately  after  the 
first  group,  in  Table  I,  and  under  the  same  test  conditions,  except  the 
mobility  rate  was  increased  to  60-deg/hr.  Thus,  the  latter  group  of 
calibrations  were  each  completed  in  half  of  the  time,  and  with  half  of 
the  number  of  six-minute  data  points,  than  that  of  the  former  group. 

The  results  are  once  again  normalized  with  respect  to  specification 
values. 


Discussion  of  Calibration  Results 


The  test  conditions  for  calibrations  in  Table  I  satisfy  the  objective  of 
obtaining  a  data  set  comparable  with  the  MPMS/AIRS  data  base  and  budgeted 
specifications.  Although  not  shown  here,  the  results  do  compare  favorablly 
with  the  AIRS  data  base.  The  indications  are  that  the  TGII  are  a  typical 
sample  from  the  MPMS/AIRS  instrument  family,  and  that  the  ASP  IMU  is 
essentially  performing  as  expected  from  design.  These  calibration  results 
are  also  compared  to  the  MPMS/AIRS  budgeted  specification  values,  as 
presented  herein.  For  the  most  part,  the  parameter  errors  are  either 
near  spec  or  better  than  spec  value. 

The  calibrations  reported  in  Table  II  were  performed  at  the  increased, 
60-deg/hr,  rate  to  satisfy  a  test  objective  to  determine  the  effects 
of  using  higher  torquing  rates  for  the  calibrations.  The  MPMS/AIRS 
did  not  have  the  higher  torquing  rate  capability. 

Upon  examination  and  comparison  of  the  calibration  results,  the  following 
discussion  and  observations  are  made. 

1.  For  the  30-deg/hr  cals.  Table  I,  the  reference  torquing  technique 

appears  to: 

(a)  improve  gyro  bias,  scale-factor,  and  axes-al ignment  accuracy 
by  a  factor  of  approximately  two, 

(b)  make  little  difference  in  estimating  gyro  mass  unbalance 
(g-sens.)  parameters, 

(c)  improve  accuracy  significantly  for  some  of  the  gyro 
compliance  (g«=’-sens.)  parameters. 

2.  Comparing  the  30-deg/hr  cals.  Table  I,  with  60-deg/hr  cals. 

Table  II,  both  without  the  reference  torquing  (upper  halves  of 

Tables),  the  following  observations  are  made: 

(a)  Except  for  perhaps  the  gyro  bias,  the  two  data  sets,  when 
compared  as  one  group  versus  the  other,  show  no  significant 
difference  in  indicated  estimation  accuracy. 

(b)  Since  the  60-deg/hr  group  contains  half  the  number  of 
data-points  as  the  30-deg/hr  group,  it  appears  that 
perhaps  more  data  than  is  necessary  is  obtained  at  the 
lower  rate,  or  increasing  the  rate  brings  about  improve¬ 
ments  which  offset  the  disadvantage  of  a  smaller  data  set. 

In  any  event,  with  the  higher  calibration  rate,  a  factor 
of  two  savings  in  calibration  time  is  accomplished  with 

no  significant  degradation  of  performance. 
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TABLE  I.  ASP  CALIBRATION  RESULTS- (30-DEG/HR) 

ENSEMBLE  STATISTICS  CALS  78-90  THRU  78-95 


PARAMETER  GROUP  MPMS/ AIRS  TGI I 

o/SPEC 

Scale  Factor 

Gyro  Cal  Misalign. 

(30-deg/hr)  Bias 

|D1 

Without  G  Sen.  IDS 

Reference  'DO 

Torquing  Z'  DI I 

(3  Cals)  G2  Sen.  )^| 

1  DIO 

VDOS 

0.404 

0.56? 

1 . 708 
0.369 
0.431 
1.713 
1.385 
1.231 
0.981 
3.462 
0.942 

Scale  Factor 

Gyro  Cal  Misalign. 

(30-deg/hr)  Bias 

(DI 

With  G  Sen.  OS 

Reference  'DO 

Torquing  (Oil 

(3  Cals)  6  Sen. 

+  8-deg/hr  ( DIG 

'DOS 

0.195 

0  .205 

6.585 

0.554 

0.303 

0.462 

0.615 

1.231 

0.19? 

0.769 

0.154 

SfIR  Cal  ,>ctDr 

(30-deg/hr)  Misalignment 

0.123 

0.123 

0.303 

SPEC  =  BUDGET  VALUE  PER  TRW  DOCUMENT  *27870-6233-TE-00 

"MPMS  ERROR  MODEL,  BASELINE  ERROR  BUDGET  AND  CAPABILITY 
ESTIMATE  -  REVISION  V,  APRIL  1976 
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TABLE  II.  ASP  CALIBRATION  RESULTS  (60-DEG/HR) 

ENSEMBLE  STATISTICS  CALS  78-96  THRU  78-102 


Parameter  Group  MPMS/AIRS  TGII 

Scale  Factor 

Gyro  Cal 

Misalignment 

(60-deg/hr) 

Bias 

Wi thout 

DI 

Reference 

G  Sensitivity 

DS 

Torquing 

.00 

(3  Cals) 

DII 

, 

DSS 

G  Sensitivity 

DIS 

DIO 

DOS 

Scale  Factor 

Gyro  Cal 

Misalignment 

(60-deg/hr) 

Bias 

With 

r  di 

Reference 

G  Sensitivity  < 

DS 

Torquing 

„  DO 

(4  Cals) 

'  DII 

DSS 

+  8-deg/hr 

6  Sensitivity  < 

DIS 

DIO 

L  DOS 

Scale  Factor 

SFIR  Cal 

Bias 

(60-deg/hr) 

Misalignment 

o/Spec 


0. 

.719 

mnwmm 

1 

.569 

1 

.892 

0 

.513 

2.154 

2.923 

0.500 

0.462 

0.269 


0.373 


0.692 

0.538 

0.115 

0.385 

0.115 


C.  108 
0.123 
0.308 


BUDGET  VALUE  PER  TRW  DOCUMENT  #27870-6233-TE-00 
"MPMS  ERROR  MODEL,  BASELINE  ERROR  BUDGET  AND  CAPABILITY 
ESTIMATE  -  REVISION  1",  APRIL  1976 


3.  Referring  to  the  60-deg/hr  cals,  and  comparing  the  upper  and  lower 
portions  of  Table  II,  the  reference  torquing  technique,  used  at 
the  higher  mobility  rate,  appears  to: 

(a)  improve  gyro  bias  accuracy  by  a  significantly  greater  amount 
than  the  improvement  obtained  at  the  lower  rate,  improve  gyro 
scale- factors  and  axes-a I i gnment  accuracy  by  a  significantly 
smaller  amount  than  that  obtained  at  the  lower  rate, 

(b)  produce  a  slight  improvement  in  mass  unbalance  accuracy,  and 

(c)  effect  improvement  in  the  estimation  accuracy  of  the  compliance 
parameters  of  about  a  factor  of  three,  rather  than  a  factor  of 
two  obtained  at  the  lower  rate  of  30-deg/hr. 

4.  Upon  comparing  the  SFIR  data  results  in  both  Table  I  and  Table  II, 
the  accuracy  performance  does  not  appear  to  be  significantly  affected 
by  the  increase  in  mobility  rate. 

In  summary ,  the  data  results  show  that  the  ASP  TGII  test  bed  exhibits 
essentially  the  same  performance  excellence  as  the  MPMS/AIRS.  Also, 
that  using  higher  mobility  rates  with  reference  torquing  and  other 
techniques  implemented  in  the  Rockwell  AIM  mechanization,  the  ASP 
performance  exceeds  the  budgeted  specifications  established  for  the 
MPMS/AIRS  TGII  by  significant  margins. 

SUMMARY  OF  PLATFORM  ALIGNMENT  RESULTS 

In  order  to  test  the  azimuth  alignment  performance  of  the  ASP  IMll,  an 
optical  system  was  setup  in  which  autocollimators  can  be  calibrated 
to  a  geodetic  azimuth  monument  mirror,  referred  to  Polaris,  and  then 
used  to  measure  the  location  of  mirrors  mounted  on  the  ASP  stable 
element.  The  laboratory  setup  is  shown  in  Figure  4. 

The  Advanced  Stabilized  Platform  (ASP)  Test  Bed  Absolute  Azimuth  Veri¬ 
fication  (AAV)  mechanization  utilizes  two  mirrors  located  90  degrees 
apart  on  the  equator  of  the  platform  stable  member  sphere.  These 
mirrors  are  precisely  calibrated  with  respect  to  the  SFIR  coordinate 
frame  so  that  the  mirror  normals  can  be  accurately  related  to  the 
computer  coordinate  frame  used  for  gyrocompass ing. 

The  gyrocompass ing  process  (Precision  Align)  is  the  same  as  was 
mechanized  by  Autonetics  for  MPMS,  i.e.,  a  15  state  Kalman  filter 
which  actively  estimates  platform  attitude  (3  states),  gyro  biases 
(3  states),  gyro  scale  factors  (3  states),  and  gyro  misalignment 
angles  (6  states).  This  process  is  performed  with  the  stable  member 
rotating  about  the  vertical  (carrousel  1  ing) ,  typically  at  (>')  deg/hr, 
but  with  capability  of  up  to  90  cJeq/hr.  Reference  torquing  is  used 
during  Precision  Align. 
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When  one  of  the  mirrors  approaches  the  field  of  view  of  the  two-axis 
autocollimator,  which  has  been  aligned  to  the  precision  optical  reference, 
the  stable  member  rotation  is  stopped,  and  then  moved  via  gyro  torquing 
to  hold  to  (lock-on)  the  autocollimator  nulls.  The  gyro  torquing  required 
to  lock-on  is  also  used  to  update  the  computer  frame,  thus  azimuth  error 
is  unaffected.  Then  the  north  unit-vector  in  the  computer  coordinate  frame  is 
compared  to  the  known  north  vector,  computed  from  the  mirror  normal, 
with  the  difference  being  the  azimuth  alignment  error.  The  rotation  of 
the  stable  member  is  then  restarted,  and  continues  until  the  second 
mirror  comes  into  the  autocollimator  field  of  view,  and  the  "lock-on" 
process  is  repeated.  With  two  mirrors,  two  housing  windows,  and  two 
autocollimators,  three  unique  azimuth  measurements  exist  per  revolution 
of  the  stable  member. 

The  results  obtained  from  preliminary  testing  using  the  AAV  system  are 
presented  in  Table  III.  These  results  are  also  normalized  to  the  budget 
specification  azimuth  alignment  value  for  the  MPMS/AIRS  IMU. 

Discussion  of  Alignment  Results 

The  normalized  azimuth  error  test  results  in  Table  III  are  rev-to-rev 
deviations  about  the  mean,  obtained  from  three  different  mirror/auto¬ 
collimator  combinations.  In  position  #2,  the  left-most  mirror  (looking 
downward  in  Figure  4)  is  locked  to  the  north  autocollimator,  while  the 
right-most  mirror  normal  is  being  held  in  the  level-plane  via  SFIR  leveling 
loops.  In  position  #4,  the  right-most  mirror  is  locked  to  the  west  auto¬ 
collimator,  while  the  other  mirror  is  held  level  via  SFIRS.  The  orientation 
for  position  #5  has  both  mirrors  locked  to  autocollimators,  as  shown, 
where  platform  azimuth  is  referenced  to  the  west  autocollimator. 

The  data  was  taken  before  an  automatic  autocollimator  calibration  system, 
which  has  since  been  mechanized,  was  available  for  use.  Thus,  the  long¬ 
term  instability  of  the  autocollimator  and  its  seismic  environment  are 
directly  included  in  the  data.  The  time  duration  between  measurement 
positions  are  as  follows: 

Between  Position  #2  and  #4  . . .  3.  hours 

Between  Position  #4  and  #5  . . .  1.5  hours 

Between  Position  #5  and  #2  . . .  1.5  hours 

Tests  confirm  that  a  substantial  amount  of  the  error  in  the  a.iinuth 
readout  data  is  indeed  long-term  instability  of  the  autocollimator 
and  its  environment.  However,  the  preliminary  results  are  very 
favorable,  and  can  be  seen  to  be  substantially  better  than  the 
MPMS/AIRS  budget  spec  which  was  the  test  goal. 

The  new  automatic  autocollimator  calibration  mechanization  is  computer 
controlled  and  calibrates  the  autocol 1 imator  1 ine-of-sight  to  the 
fiduciary  reference  1 ine-of-sight  six-minutes  before  each  azimuth 
measurement.  Thus,  most  of  the  long-term  instability  of  the  instru¬ 
mentation  system  will  be  virtually  eliminated.  The  same  system 
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0.04 
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-  0.28 

-  0.81 

-  0.16 
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1.08 

0.90 
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0.35 

0.68 
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"MPMS  ERROR  MODEL,  BASELINE  ERROR  BUDGET  .AND  CAPABILITY 
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automatically  calibrates  the  autocollimators  to  level -references 
six-minutes  before  measurements,  during  the  platform-mirror 
calibration.  The  augmented  system  is  currently  being  checked  out, 
at  the  time  of  this  writing,  and  will  soon  be  available  for  advanced 
state-of-the-art  determination  of  azimuth  alignment  on  the  ASP  IMU. 

A  further  discussion  of  the  AAV  and  the  ARM  portion  of  the  AIM 
mechanization  is  presented  in  the  following  section. 

DISCUSSION  AND  ERROR  ANALYSIS  RESULTS  OF  AAV 

The  following  discussion  presents  backgound  information  about  the  AAV, 
some  of  the  design  rational  from  requirements  for  the  optical  system, 
and  a  description  of  a  novel  filtering  scheme  for  the  ARM.  Following 
the  discussion,  a  summary  of  the  AAV  error  analysis  results  are  given. 

Background  Information  About  the  AAV 

The  ASP  Auxiliary  Reference  Monitor  (ARM)  is  a  subsystem  mechanized 
to  process  data  from  various  auxiliary  reference  devices  such  as 
autocollimators,  level  detectors,  attitude  resolvers,  etc.,  for  IMU 
performance  verification  and/or  diagnostics. 

The  present  discussion  pertains  to  two  of  the  important  functions  of 
ARM  involving  external  autocollimators.  An  automatic  mirror  calibration 
mode  calibrates  external  autocoll imators  to  true-level,  while  using 
them  to  precisely  locate  the  platform-mounted  mirror-normal  vectors 
in  the  calibrated  platform  reference  frame. 

This  operation  is  in  preparation  for  the  second  important  function, 
that  of  performing  absolute  azimuth  verification  (AAV)  while  the 
platform  operates  in  an  about-vertical  carrousel  alignment  mode. 

During  the  latter  mode,  the  calibrated  mirrors  are  referenced  to  the 
autocollimators,  in  azimuth,  to  provide  the  optical  link  to  a 
Polaris-reference  azimuth  monument  cube.  Calibration  of  the  auto¬ 
collimators  to  the  reference  monument  cube  is  accomplished  automati¬ 
cally  by  the  ARM,  during  the  periods  of  time  when  platform  mirrors 
are  not  in  the  field-of-view.  A  servo-driven  table  carrying  a 
precision  pentaprism  provides  calibration  of  the  autocollimator  to 
the  monument  line-of-sight.  This  calibration  is  accomplished  by 
processing  the  A/C  null  data,  in  the  system  computer,  up  to  a  time 
of  6-minutes  before  each  lock. 

In  the  mirror  calibration  process,  the  true  mirror-normal  is  servoed 
to  level,  via  an  autocoll imator,  while  the  platform  mounted  SFIR(s) 
precisely  locate  the  true  vertical-vector  for  calibrating  one  of 
the  two  mirror  coordinates.  The  other  coordinate  is  measured  by 
repeating  the  process,  after  rotating  the  platform  through  90-degrees. 
Actually,  a  minimum  of  four-measurements  for  each  mirror  are  obtained 
at  90-degree  spacings.  This  provides  for  any  earth-fixed  bias  error 
in  the  autocollimator  calibration  to  be  cancelled  out,  since  the  same 
autocollimator  is  always  used. 
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In  the  absolute  azimuth  verification  (AAV)  process,  the  calibrated  plat¬ 
form  is  aligned  while  rotating  about  the  local-vertical.  Azimuth 
destination  vectors  for  the  pre-cal i brated  mirror  normals  have  been 
previously  computed  to  correspond  to  the  azimuth  orientations  of  the 
autocol 1 imator(s )  1 ine-of-sight.  Thus,  when  the  platform/mirror  is 
rotated  to  an  azimuth  destination,  as  indicated  by  computer-reckoned 
direction-cosines,  the  mirror-normal,  in  an  error-free  situation,  will 
be  exactly  along  the  autocollimator  known  1 ine-of-sight.  In  an  actual 
situation,  the  alignment  error  between  true  platform  and  computationally 
determined  platform  frames  will  result  in  the  mirror  arriving  within 
the  autocol 1 imator  field-of-view.  Upon  closing  the  locking  loop, 
the  angular  distance  moved  by  the  platform  in  nulling  the  autocollimator 
gives  a  measure  of  the  prevailing  alignment  error.  Each  angular 
increment  applied  through  gyro  torquing  to  achieve  autocollimator 
lock-on  is  also  applied  to  the  computer  mechanized  direction-cosine 
solution,  so  that  the  true  azimuth  error  remains  unchanged. 

Data  Processing  Requirements 

The  required  data  processing  techniques  are  dictated  by  the  method 
chosen  for  obtaining  alignment-error  and  mirror-calibration  measure¬ 
ments.  The  characteristics  of  an  ideal  optical  readout  device  would 
include  the  capability  for  strobing  the  platform-mirror  position 
while  the  platform  continues  to  rotate  along  its  carrousel  alignment 
path.  Suitable  measurements  would  require  high-resolution,  low-noise, 
plus  linearity  and  stability  of  the  readout  with  respect  to  both  time 
and  position.  Such  a  device  was  not  found  to  be  commercially  available; 
and  thus,  a  conventional  autocollimator  with  electromechanically  driven 
internal  mirror  and  readout  patentiometer  prevails.  This  device  typically 
exhibits  a  very  low-bandpass,  due  to  servo  compensation  required  to 
attenuate  the  otherwise  relatively  large  amplitude  of  servo  noise  and 
jitter.  Past  test  results  established  the  non-feasibility  of  using  this 
device  for  measurements  "on-the-fly. " 

The  principal  accuracy  problems  arising  from  the  dynamic  readout 
application  are  scale-factor  nonlinearity,  two-axis  cross-coupling, 
inability  to  precisely  predict  servo-delay,  and  adverse  effects  of 
noise  on  determination  of  the  beam  cross-over  position  and  time.  It 
appears  that  the  inherit  accuracy  of  the  device  can  be  achieved  only 
by  using  the  autocollimator  as  a  "steady-state"  position-error  nulling 
device  with  the  platform  mirror  being  held  stationary  during  the 
measurement. 

An  important  data-processing  requirement  to  consider  is  that  of  providing 
an  autocollimator/platform-mirror  locking-loop  for  precisely  positioning 
the  platform  mirror  along  the  autocollimator  line-of-sight.  A  rapid 
response-time  is  required  in  nulling  initial-position  errors  of  up  to 
the  +  60-sec  field-of-view.  At  the  same  time,  steady-state  angular 
follow-up  control  to  the  platform  mirror  (via  gyro  torquing)  requires 
between  one  and  two  orders  of  magnitude  attenuation  of  read-out  noise, 
for  the  autocollimator  used.  A  data-processing  mechanization  for 
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satisfying  those  requirements  was  developed.  It  consists  of  a  novel 
and  inovative  scheme  for  discrete-time  estimation  and  control ,  in 
which  statistically  controlled  gains  achieve  a  rapid  initial-condition 
response,  with  a  very  low-bandpass  response  in  the  steady-state. 

The  next  topic  of  discussion  is  devoted  to  describing  this  novel 
fi 1  ter. 

Description  of  the  Platform  Locking  Filter  for  the  ARM 

When  the  platform  arrives  at  its  commanded  destination,  the  autocollimator 
internal  servo-system  locks  its  beam  to  the  platform  mirror-normal  vector. 
The  null-error  output  signal  from  the  readout  potentiometer  is  supplied 
to  the  computer.  It  represents  the  acquisition  error  of  the  platform 
from  the  reference  position.  This  error  signal  must  be  filtered  and 
used  to  supply  a  feedback  torquing  signal  to  the  platform  gyros  for 
driving  the  platform  to  the  required  nul 1 -posi tion.  The  platform 
must  be  precisely  held  in  the  known  reference  position  (locked  to  the 
A/C-null  reference- 1 ine)  while  the  computed  direction-cosines  are 
providing  the  computer  reckoned  direction  of  North  for  comparison. 

The  difference  between  the  known  platform  and  computed  vectors  is  the 
azimuth  error.  The  platform  locking  filter  must  provide  the  rapid 
response  and  precision  positioning  required. 

The  locking  filter  consists  of  a  modified  average-of-average  (AOA)  pre¬ 
filter  that  processes  the  sampled  A/C  null  data  at  10-msec  intervals. 

The  filter  weighting  function  is  adjustable  from  an  optimum  filter  for 
broadband  noise  to  a  near-optimum  filter  for  narrowband  noise.  It  can 
be  impirically  adjusted,  using  real  data,  to  provide  the  best  attenuation 
for  any  combination  of  the  two  types  of  noise.  The  raw  autocollimator 
data  primarily  exhibits  a  narrowband  noise  with  center  frequency  near 
the  one-Hertz  region.  The  prefilter  has  a  zero- frequency  gain  of  unity, 
with  a  roll-off  roughly  approximated  as  -12  db/octane.  It  has  a  zero 
at  one-Hertz,  and  negligible  noise  above  one-Hertz  passes  through  the 
filter.  The  output  of  the  filter  occurs  at  1-second  intervals,  and  is 
scaled  by  a  time-varying  statistically  controlled  gain  to  provide  the 
feedback  torquing  to  the  platform  gyros. 

A  digital  compensation  is  derived  from  the  prefilter  output.  It  is 
applied  at  the  input  to  account  for  the  prefilter  time-delay,  and  to 
stabilize  the  locking  loop  response.  A  portion  of  the  digital  compen¬ 
sation  consists  of  a  back-bias,  corresponding  in  magnitude  to  the  out¬ 
put-measurement  of  the  filter.  It  is  applied  to  the  input  at  precisely 
the  filter  output  sampl ing-time;  and  it  provides  a  mask  of  the  newly 
measured  error  sample,  while  the  gyro  torquing  loop  is  removing  that 
portion  of  the  null -error  in  a  linear  manner.  The  second  part  of 
the  compensation  is  computed  and  applied  to  the  input  of  the  prefilter  at 
the  input  sampling  rate.  Its  function  is  to  incrementally  "count-down" 
t'u»  nask  in  accordance  with  the  actual  incremental  removal  of  the  nul 1  - 
-  .i.i  t he  feedback  torquing.  This  scheme  effectively  decouples  the 

. •  .!'  .!  tmi  control  processes,  and  reduces  the  residual  component 

.•  r  •  zero- frequency  over  each  measurement  interval. 


The  final  feature  of  the  locking  loop  that  provides  the  rapid  initial- 
condition  response,  plus  a  very  low  bandpass  steady-state,  is  the 
statistically  controlled  time- varying  follow-up  loop  gain.  The  gain 
is  computed  at  each  1 -second  loop-processing  interval,  using  fonnuli 
for  a  "best  linear  estimator"  for  gaussion  noise.  The  initial  variance 
of  null-error  is  set  to  correspond  to  the  60-seb  acquisition  range  of 
the  autocollimator.  The  variance  of  the  prefilter  output  noise,  which 
is  also  the  measurement  noise  for  the  follow-up  loop,  has  been  determined 
empirically  from  test  data.  And  finally,  long-term  instability  statistics 
for  the  autocollimator,  its  interface,  and  its  thermal  and  seismic 
environment  have  been  established  from  appropriate  long-term  data.  These 
statistics  are  used  to  compute  the  optimum  gain  at  each  filter  cycle, 
which  is  in  turned  used  to  supply  the  feedback  control  and  update  the 
null-error  filter  variance  accordingly.  The  locking  filter  works  very 
well,  and  exhibits  rather  amazing  speed  and  accuracy  performance. 

Summary  Error  Analysis  Results  for  the  AAV 

The  following  error  sources  for  the  AAV  instrumentation  system  were 
investigated,  and  error  estimates  established.  The  summary  result 
from  the  error  anlayses  is  given  in  a  normal  1  zed  form.  This  makes 
it  possible  to  make  a  meaningful  comparison  with  the  AAV  system  data 
previously  presented  in  Table  III.  The  normal i za t ion  is  the  same  as 
was  used  for  the  AAV  system  data  reported  therein. 

Optical  Alignment  Test  Equipment  Errors: 

1.  Azimuth  uncertainty  from  astronomic  north,  using  Polaris 

2.  Azimuth  uncertainty  of  monument  calibration 

(a)  primary  cube  surface 

(b)  trunion  axis  estimate 

(c)  transfer  measurement  error  from  primary  to  secondary 
cube  faces 

(d)  cube  face  stabilities 

(e)  off-center  position  effect  on  light  beam 

3.  Transfer  mirror  off-set  plus  variability 

4.  Davidson  707  Autocollimator 

(a)  optical  path  air  instability 

(b)  image  degradation 


(c)  temperature  bias  and  instability* 

(d)  time  instability* 

(e)  cross-coupling  and  other  readout  errors 

5.  Platform  Window 

6.  Platform  Mirror 

*  These  errors  will  be  eliminated,  for  all  practical  purposes,  when 
the  automatic  A/C  calibration,  previously  described,  is  used. 

Data  Acquisition  and  Data  Processing  Errors 

1.  Autocollimator/platform  locking  error 

(a)  loop  noise 

(b)  inertial  system  cal  related  errors 

2.  Platform  mirror  calibration  error 
J.  Data  processing  error 

(a)  algorithms 

(b)  numerical  resolution 

(c)  timing  resolution 
Error  An  lays  is  Summary  Results: 

1.  Without  Automatic  A/C  Calibration 


Total  rss  Error  for:  .'/Spec 

Optical  test  equipment  0.72 

Data  acquisition  and  processing  0.17 

Grand  Total  rss  0.80 

2.  With  Automatic  A/C  calibration 

Total,  rss  Error  for:  u/Spec 

Optical  test  equipment*  0.47 

Data  acquisition  and  processing  0.17 

Grand  Total  rss  0.54 
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Note:  This  error  analysis  estimates  the  expected  total  absolute 
error-estimation  accuracy  of  the  AAV  instrumentation. 

It  includes  both  random  and  bias  errors. 

The  data  reported  in  Table  III  is  measured  repeatability- 
data  which  includes  only  the  random  portions  of  the  above 
error  analysis.  The  bias  portions  would  appear  in  the  test 
data  mean. 

PLANS  FOR  FURTHER  INVESTIGATIVE  AND  DEVELOPMENTAL  TESTING 

The  following  list  includes  several  of  the  test  objectives  planned  for 

the  ASP  IMU  test-bed  future  testing  program. 

1.  Further  AAV  testing  with  automatic  A/C  cal. 

2.  Verification  of  gyro  axial  float-motion  error  model,  and 
performance  assessment  of  its  on-line  estimation  and 
compensation. 

3.  Further  investigate,  develop  and  validate  error  model  for 
g-sensitive  trends,  and  feasibility  assessment  of  its 
on-line  estimation  and/or  compensation. 

4.  Develop  and  test  more  efficient  cal/align  trajectories  to 
improve  system  timeline. 

5.  Investigate  improved  reference  torquing  techniques  and 
evaluate  performance. 

6.  Characterization  and  performance  testing  of  latest  design 
of  AIRS  gyros,  should  they  become  available  to  the  ASP 
test-bed  program. 
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ABSTRACT 


A  useful  procedure  in  the  evaluation  of  an  inertial  guidance  system  con¬ 
sists  of  three  steps:  forcing  the  propagation  of  system  errors  by  subject¬ 
ing  the  system  to  an  appropriate  test;  generating  an  accurate  error  function 
by  comparing  the  system  performance  to  an  appropriate  reference;  and  finally 
analyzing  the  error,  i.e.,  identifying,  separating  and  quantifying  the 
component  elements  of  the  error  function. 

For  the  case  of  sled  tests  this  analysis  is  aided  by  the  effects  of  a 
passive  water  brake.  The  brake  provides  sufficient  negative  acceleration  to 
separate  the  effects  of  odd  and  even  powers  of  acceleration  sensitivities  of 
the  system  tested.  For  low  acceleration  sled  tests  the  analysis  is  success¬ 
ful  for  two  reasons:  high  powers  of  acceleration  sensitivities  are  not 
sufficiently  driven  to  be  an  observable  problem;  and  the  water  brake  is  of 
sufficient  magnitude,  compared  to  the  rocket  boost  acceleration,  to  in  fact 
accomplish  the  desired  separation. 

In  order  to  establish  the  limits  of  such  success,  computer  simulations 
were  made,  using  various  sled  acceleration  profiles.  Correlations  of  the 
expected  component  error  functions  were  computed  to  determine  separability. 
Through  this  procedure  it  was  possible  to  obtain  a  sled  acceleration  func¬ 
tion  which  was  optimized  for  analysis  of  guidance  system  errors.  However, 
when  applied  to  the  case  of  high  accelerations  (above  100  G's)  problems 
occurred.  Higher  order  errors  could  indeed  now  be  observable,  the  required 
water  brake  magnitude  could  exceed  sled  structure  limits  and  be  extremely 
short  in  duration,  and  the  error  separability  could  be  degraded. 

Relaxing  the  constraints  on  the  simulation  resulted  in  the  fact  that  a 
longer  brake  at  the  required  magnitude  could  dramatically  decrease  error 
function  correlations.  However,  such  a  duration  would  necessitate  a 
negative  sled  velocity:  a  function  unattainable  from  water  brake,  but 
certainly  possible  through  the  technologically  feasible  use  of  retro  rockets. 

This  paper  presents  the  techniques  and  results  used  to  justify  the  use 
of  retro  rockets,  for  high  acceleration  sled  tests,  from  the  viewpoint  of 
enhancing  guidance  system  error  analysis.  The  paper  also  specifies  classes 
of  acceleration  profiles  which  are  optimized  for  this  purpose,  both  for  high 
and  low  acceleration  regimes. 
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1.  INTRODUCTION 


For  many  years,  the  Central  Inertial  Guidance  Test  Facility  (CIGTF)  has 
been  involved  in  the  rocket  sled  test  and  evaluation  of  inertial  guidance 
systems.  Such  evaluation,  or  analysis,  primarily  involves  two  procedures: 
establishing  an  appropriate  model  to  describe  the  errors  observed,  and 
quantifying  the  component  elements  of  those  errors.  The  first  is  accom¬ 
plished  through  use  of  a  priori  knowledge  of  the  sensor  characteristics  and 
from  observation  of  anomalies  observed  in  the  error  functions.  The  second 
is  accomplished  by  some  established  computational  regression  analysis.  Both 
procedures,  however,  depend  on  sufficient  dissimilarity  of  the  individual 
error  effects  to  allow  error  separability:  errors  which  cannot  be  distin¬ 
guished  from  one  another  cannot  be  quantified,  visually  or  computationally. 

The  desired  separability,  in  turn,  is  a  function  of  the  sled  test  inputs. 

Unfortunately,  the  acceleration  profile,  A(t),  of  sled  tests  is  heavily 
dictated  by  environmental  requirements  (e.g.,  G-level)  imposed  by  the  customer 
agency;  by  propulsion  characteristics  (in  turn  dependent  on  availability  and 
costs);  and  by  sled  weight  and  structure  limitations.  All  too  often  the  test 
acceleration  profile  eventually  becomes  one  during  which  several  guidance 
system  errors  propagate  in  a  near-similar  manner.  This  can  result  in  the 
unproductive  situation  where  the  customer  sees,  possibly  for  the  first  time, 
plots  indicating  the  combined  error  of  his  guidance  system  in  a  simulated 
missile  environment,  but  cannot  gain  quantitative  access  to  the  sources  of 
the  error.  The  situation  can  be  further  compounded  by  uncertainties  in 
initial  orientation  of  the  system.  These  uncertainties  can  produce  erroneous 
effects  which  themselves  resemble  guidance  system  errors  and  which  can  add  to, 
or  even  subtract  from,  the  actual  system  error  function. 

For  some  sled  tests  the  problem  of  error  separation  has  been  solved  by 
modifying  the  test.  Acceptable  shaping  of  the  boost  portion  of  sled  runs 
(by  changing  G-level)  and  the  deceleration  region  (by  vigorous  scooping  of 
water  in  a  water  brake)  have  significantly  improved  error  separation  for  low 
acceleration  (<10  G)  tests.  The  water  brake  enhances  separation  of  the 
effects  of  odd  and  even  powers  of  acceleration  sensitivities  of  the  system 
tested.  The  low  G-level  inhibits  propagation  of  high  powers  of  such  errors. 

In  the  last  few  years,  however,  requests  for  higher,  and  even  constant 
accelerations  have  been  made.  This,  on  the  one  hand,  denies  the  opportunity 
to  shape  the  sled  thrust  profile  and,  on  the  other  hand,  limits  the  water 
brake  deceleration  by  taxing  the  sled  structure.  The  result  inevitably  has 
been  increased  difficulty  in  analyzing  guidance  system  errors.  In  fact, 
some  recent  experimental  profiles  have  involved  boost  accelerations  of  120G 
with  NO  water  brake:  analysis  of  the  performance  of  accelerometers  on  the 
sled  was  actually  unsuccessful,  largely  because  of  the  error  inseparabilities. 

2.  PROBLEM  DEFINITION 


The  following  thoughts  were  consolidated  to  clarify  the  problem  and  to 
identify  questions  to  be  answered  in  obtaining  a  solution: 
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a.  During  positive  acceleration  (boost),  guidance  system  velocity  errors 
propagating  in  powers  of  acceleration,  i.e.,  /(An)dt,  become  more  positive 
for  all  n.  (They  all  are  rather  similar,  especially  for  near-constant- 
acceleration  boost  profiles.) 

b.  During  the  relatively  low-magnitude  aerodynamic  drag  after  engine 
burnout  (coast),  velocity  errors,  for  n>2,  essentially  remain  unchanged,  i.e., 
they  are  still  similar. 

c.  During  large  negative  acceleration  (e.g.,  water  brake),  velocity 
errors,  for  even  n,  become  more  positive;  but,  for  odd  n,  become  more  negative. 
(Only  here  do  they  become  noticeably  dissimilar.) 

d.  Thus,  it  is  evident  that  strong  sled  braking  is  the  key  to  error 
separation. 

For  the  case  of  high  G  ( > 1 00G )  sled  tests  of  guidance  systems,  further 
insights  are  available: 

a.  The  track  reference  data  will  tend  toward  lesser  accuracy  because  of 
expected  higher  velocities,  and  because  of  greater  system- to-sled  relative 
motion  at  higher  G-levels. 

b.  The  higher  accelerations  are  likely  to  force  higher-order  test  item 
nonlinearity  errors. 

c.  The  necessary  short  boost  at  high  G  (because  of  sled  velocity 
limitations)  cannot  be  shaped,  i.e.,  system  errors  propagated  during  boost 
and  coast  will  be  even  more  similar  than  low-G  runs. 

d.  Hence,  water  brake  becomes  even  more  important  to  the  success  of 
analyzing  high-G  sled  test  data;  but,  there  is  a  limit,  because  of  sled 
structure,  to  the  magnitude  of  water  brake  deceleration. 

The  above  paradox,  i.e.,  that  sled  braking  is  both  the  key  to  successful 
sled  test  error  analysis  and  also  vulnerable  to  mechanical  limitations, 
leads  to  the  conclusion  that,  if  the  performance  of  guidance  systems  during 
high-G  sled  tests  is  to  be  evaluated,  the  following  questions  need  to  be 
answered: 

a.  How  much  relative  deceleration  is  in  fact  required? 

b.  Is  it  possible  to  obtain  that  deceleration  with  present  technology? 

c.  if  it  is  not  possible  with  present  technology,  but  is  possible  with 
updated  technology,  then  what  are  those  updates? 

3 •  COMPUTER  SIMULATE 

The  problem  was  addressed  in  two  phases:  establishing  a  level  of  merit 
for  sled  acceleration  profiles,  particularly  for  the  high-G  case,  based  on 
the  likelihood  of  Lie  test  system  performance  being  successfully  analyzed; 


and  searching  for  the  general  parameters  of  high-merit  profiles;  as  criteria 
for  answering  the  questions  posed  above. 

A  conrnon  method  of  investigating  a  new  area  of  concern  of  this  type  is  to 
simulate  the  problem  using  one  or  more  forms  of  noise  as  a  "real  life"  con¬ 
taminant.  The  least  realistic  contaminant  is  idealized:  computer-generated 
white  noise,  for  example.  More  realistic  is  actual  noise  recorded  from  some 
assumed  similar  environment.  Yet  another  method  was  used  for  this  investiga¬ 
tion,  however  (and  later  corroborated  through  use  of  available  data  from 
existing  sled  test  data  files).  This  other  method  involved  a  study  of  the 
correlations  of  the  various  individual  component  functions  comprising  the 
complete  guidance  system  error  propagated  during  a  sled  test. 

The  reason  for  following  this  approach  is  that  nearly  15  years  experi¬ 
ence  exists  in  the  realm  of  evaluating  the  success  of  guidance  system  error 
analysis  as  a  function  of  system  type,  sled  test  profile,  error  model  length, 
and  correlations  of  the  functions  in  the  terms  making  up  the  error  models. 
Since  this  information  inherently  incorporates  other,  subtle  effects  such  as 
analyst  experience,  guidance  system  and  test  instrumentation  evolution, 
equipment  degradation  and  repair  cycles,  seasonal  variations,  etc,  then 
correlation  investigation  seemed  a  realistic  and  promising  approach. 

The  mathematical  correlation  between  two  functions,  F-j(u)  and  F£(u)  is 


C0R12  =  Correlation  (F^,  F^) 


If  F1  and  F^  are  perfectly  correlated  (look  identical),  the  correlation 

becomes  1.0;  if  they  are  uncorrelated,  it  becomes  0.0.  For  example,  if  the 
functions  are  two  straight  line  slopes,  their  sum  will  just  be  a  new  straight 
line  and  it  will  be  impossible  to  separate  that  sum  into  the  original  compo¬ 
nents.  Mathematically,  F-|  =  K^t;  F ^  =  K^t;  du  =  dt.  Then 


J  [/(K,t-K?t)dt]2 

C0R12  =\ - - - - - p— 

y/o^trdt'/o^trdt 


=  1.0;  perfectly  correlated,  i.e.,  inseparable 

as  stated. 
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As  another  example,  it  is  possible  with  the  human  eye  to  distinguish  be¬ 
tween  a  straight  line  slope,  =  K^t,  and  a  quadratic,  Fp  =  K9t^.  Here 


C0R1 2 


[/(K-,  t-K2t2)dt]2 
(K1t^dt-/(Kpt2)^dt 


1  K  2„  2.8 
IF  K1  K2  1 

x: 

15  K1  K2  1 


.9682 


However,  the  human  eye  cannot  easily  distinguish  between  a  quadratic  and 
a  cubic,  especially  in  the  presence  of  a  degrading  element  such  as  noise  (a 
fact  of  life  when  analyzing  real  test  data);  the  correlation  between  a 
quadratic  and  a  cubic  is  .9860. 

The  experience  mentioned  above  can  be  synopsized  as  follows: 

a.  Error  functions  whose  correlations  are  higher  than  .995  have  been 
separated  from  the  dynamic  portion  of  some  sled  test  data.  This  is  for  the 
case  of  classic  low-G  (7-G  maximum)  sled  runs  with  long  thrust  durations 

(  =  10  seconds),  low  velocity  (1350  fps  maximum),  testing  precision  gimballed 
guidance  systems. 

b.  Error  functions  whose  correlations  are  no  higher  than  =.97  have  been 
separated  for  the  case  of  low-G  (7  G  max)  sled  runs  with  somewhat  shorter 
boost  durations  (3.5  -  6.5  sec)  and  intermediate  velocities  (1600  -  1850  fps 
max),  testing  medium  accuracy  g i mb  ailed  and  strapdown  systems. 

c.  Error  functions  whose  correlations  are  around  .95  have  been  separated 
for  the  case  of  various  strapdown  systems  tested  at  15  -  30  G  for  1.5  to 

3.2  sec  at  maximum  velocities  ranging  from  1700  to  1950  fps. 

d.  Error  functions  whose  correlations  are  around  .93  have  been  separated 
for  the  case  of  a  low-accuracy  strapdown  system  tested  at  an  acceleration 
which  grew  from  40-G  to  80-G  during  a  1.8  sec  boost;  the  maximum  velocity 
was  3300  fps . 

The  apparent  trend  is  toward  lower  analysis  success  for  the  case  of 
lower  accuracy,  strapdown,  systems  tested  at  increasingly  short  boost  dura¬ 
tions  at  higher  accelerations  and  velocities.  Such  a  trend  can  be  due  to 
two  possibilities:  decreased  knowledge  of  the  model  describing  the  error 
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and/or  increased  noise  contamination  of  the  error.  3oth  possibilities  require 
some  qualification. 

On  the  first  possibility,  simply  not  knowing  the  error  model  is  not  the 
intended  meaning.  Eventually  the  model  describing  gyro  drifts  and  acceler¬ 
ometer  anomalies  is  known,  even  if,  as  is  common,  the  errors  are  observed  for 
the  first  time  during  sled  tests.  In  the  velocity  domain,  these  are  low 
frequency  errors ,  whose  characteristics  can  be  easily  generated  from  acceler¬ 
ometer  or  reference  data  for  use  in  the  regression  analysis.  Performance 
characteristics  which  are  more  difficult  to  synthesize,  however,  are  high 
frequency  often  sinusoidal  products  such  as  the  effect  of  tangential  and 
centripetal  accelerations,  due  to  angular  vibration,  on  accelerometers  not 
located  on  the  axis  of  such  rotational  motion.  Still  other  difficult,  high 
and  low  frequency,  errors  are  those  caused  by  limited  algorithm  precision, 
especially  in  the  presence  of  vigorous  test  inputs,  in  flight  computers. 

These  model  uncertainties,  it  is  noted,  are  more  common  for  the  case  of  strap- 
down,  rather  than  gimballed,  systems. 

On  the  second  possibility,  considerable  research  by  CIGTF  has  s*hown  that 
reference  system  noise  content  grows  with  velocity  and  velocity  squared. 

Also  there  is  the  fact  that,  higher,  shorter  accelerations  produce  more 
relative  motion  between  the  guidance  system  and  the  sled.  More  subtle,  how¬ 
ever,  is  the  decreased  amount  of  reference  data  obtained  from  higher-G  sled 
tests.  The  number  of  reference  data  points,  N,  is  a  function  of  distance 
traveled.  The  greater  water  brake  deceleration  demanded  to  separate  guidance 
system  errors  when  high  boost  acceleration  is  used  results  in  rapid  velocity 
loss  and  early  sled  stoppage.  Since  the  confidence  in  the  error  coefficients 
obtained  grows  approximately  as  .V  N,  the  short  sled  runs  associated  with 
high-G  tests  effectively  results  in  contamination  of  the  reference  itself. 
Finally,  data  quantity  is  decreased  by  a  test  item  fault:  accelerometer 
bias  often  changes  at  sled  launch  and  sled  stop.  Regression  analysis  cannot 
use  the  data  recorded  before  launch  or  after  stop  in  such  cases.  Enhanced 
modeling  methods  could  account  for  such  changes,  of  course-  but  systems  with 
such  problems  usually  have  several  other  unanticipated  dTTfi cul ti es  as  well. 

j 

The  point,  however,  is  that  trends  are  indicated:  it  would  appear 
reasonable  to  demand  correlations  <.90  for  successful  analysis  of  systems 
tested  at  accelerations  >100  G. 

The  next  question  is,  what  error  model  functions  are  to  be  decoupled? 
Recent  sled  tests  have  identified  an  increasing  tendency  toward  accelerom¬ 
eter  scale  factor  asymmetry,  possibly  caused  by  pre-amp,  servo  loop,  or  A/D 
converter  mismatch.  A  study  of  such  errors  revealed  that,  although  serious, 
such  errors,  in  addition  to  a  number  of  other,  classical,  accelerometer  and 
gyro  errors,  were  not  correlated  as  badly  as  accelerometer  scale  factor  and 

nonlinearity  errors:  /A  =  V,  /A  ,  /A  ,  /A  ,  ...  .  (A  is  acceleration, 

V  is  velocity,  and  / An  is  rotational  shorthand  signifying  /(An)dt.)  The 

4 

function,  /A  ,  is  especially  included  because,  for  the  case  of  high-G  sled 
tests,  it  may  be  significant,  and  if  so  should  be  identifiable  (separable). 

4  2 

Also,  for  the  case  of  the  80-G  sled  run  mentioned  earlier,  /A  and  / A 
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were  so  highly  correlated  as  to  be  inseparable  (water  brake  level  was  only 

3 

-35  G),  but,  after  truncatinn  the  error  model  at  /A  ,  the  coefficient  obtained 
2 

for  / A  considerably  exceeded  expected  values:  thus  possibly  in  fact  demon- 

4 

strati ng  the  presence  of  an  /A  term  in  the  system  error. 

The  initial  investigation  consisted  of  a  computer  simulation  of  a  high-G 
slpd  test  acceleration  profile  and  computation  of  the  correlations  of  the 

2  3  4 

error  model  functions  V,  /A  ,  /A',  and  / A  .  That  is,  the  following  correla¬ 
tions  were  studied: 


COR  1 2 

A 

Correlation 

(V,  /A2) 

C0P.23 

= 

Correlation 

(/A2,  /A3) 

C0R34 

A 

Correl ati on 

(/A3,  /A4) 

C0R13 

= 

Correlation 

(V,  /A3) 

C0R14 

A 

Correlation 

(V,  /A4) 

C0R24 

A 

Correlation 

(/A2,  /A4) 

The  acceleration  profile  was  divided  into  four  segments. 

a.  Boost  -  Constant  G-level  because  of  short  time  duration;  a  program 
input  parameter. 

b.  Coast  -  Changing  G-level  because  of  aerodynamic  drag;  calculated 
automatically  by  the  program  nominally  using  drag  characteristics  from  the 
80-G  sled  test  mentioned  earlier,  but  changeable  by  input  parameter. 

c.  Brake  -  Constant  G-level  because  of  short  available  time  duration; 
a  program  input  parameter. 

d.  Post  brake  -  Low,  changing  G-level  because  of  residual  velocity  and 
track  and  aerodynamic  drag;  calculated  by  the  program. 

The  input  parameters  were: 

AB  =  boost  acceleration  (G) 

AIJ  =  brake  acceleration  (G) 

VM  =  maximum  sled  velocity  (fps) 

VW  =  brake  entrance  velocity  (fps) 

CD  =  coast  drag  parameter  (1.0  =  the  nominal  SO-G  sled  drag 
profile.) 
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The  output  of  the  program  was  90  values  of  acceleration  at  equal  time 
intervals  and  the  above-identified  correl ations .  Program  turnaround  was 
about  10  seconds,  mostly  involving  entering  input  parameters  and  displaying 
results  on  the  screen. 

4.  RESULTS 

The  requirement  of  120  G  maximum  acceleration,  somewhere  during  the  sled 
run,  and  a  maximum  velocity  of  3500  fps ,  were  levied.  The  simulation  pro¬ 
vided  the  following  rather  explicit  results: 

a.  A  boost  of  120  G  with  a  60  G,  or  smaller,  water  brake,  with  a  water 
brake  entrance  velocity  less  than  1500  fps,  produces  correlations  which  are 
too  high  for  error  separation. 

2 

b.  The  worst  correlation  problem  is  between  the  function,  / A  ,  and  the 
new  function  expected  (and  even  sought)  from  high-G  sled  tests,  namely,  / a4. 

c.  Getter  sled  streamlining  reduces  some  of  the  correlations,  but 
marginal ly. 

d.  Velocity  at  entrance  to  water  brake  should  be  about  one-half  the 
maximum  sled  velocity. 

e.  The  water  brake  acceleration  should  have  a  magnitude  about  TWICE  that 
of  the  boost  acceleration,  and  will  thus  have  a  duration,  x,  such  that 

1 

tWATER  BRAKE  '  5*  rB00ST 

Examples  of  the  results  are  given  in  Table  I.  The  column  headings  (AB,  AW, 
...,  C0R24)  are  as  defined  in  previous  paragraphs. 

The  above  results  vividly  reinforce  the  usefulness  of  braking  as  the 
physical  mechanism  required  for  error  separation.  They  also  underline  two 
problems  already  mentioned:  a  water  brake  of  such  magnitude  is  probably  un¬ 
realizable  because  of  sled  structural  limitations;  and,  if  such  a  brake  were 
realizable,  it  would  probably  be  too  short  in  duration  for  proper  operation 
and  evaluation  of  the  servos,  flight  computer  manipulations,  etc,  of  the 
guidance  system  tested. 

With  little  regard  for  the  mechanism  necessary  to  accomplish  the  required 
brake,  and  if  only  to  address  the  statements  in  the  previous  paragraph, 
specifications  can  be  established  for  the  required  braking  device.  It  must 
supply: 

a.  Very  large  decelerations 

b.  For  a  long  time 

c.  Without  harming  the  sled 
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TABLE  I 

COMPUTER  SIMULATION  INPUT  PARAMETERS  AND  RESULTING  CORRELATIONS 
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d.  Within  the  constraints  of  existing  technology. 


5 •  RETRO  j:  NG1 NE_ BRAK I NG 

The  acceleration  and  time  requirements  imply  the  probability  of  negative 
velocity,  i.e.,  going  bad. wards.  Negative  velocity  is  not  possible  with 
water  brake,  b^t  it  is  certainly  possible  througn  the  technologically  feasible 
use  of  retro  rockets.  The  computer  simulation  program  was  consequently  mod¬ 
ified  to  allow  the  existence  of  negative  velocity.  A  new  parameter  was 
introduced:  VM ,  maximum  (in  magnitude)  allowed  negative  velocity. 

Constrained  again  to  the  requirements  of  120  0  acceleration  at  some  time 
and  3500  fps  positive  velocity,  the  program  readily  demonstrated  that  dra¬ 
matic  reductions  in  correlation  were  now  possible.  In  fact,  not  only  was 
error  separation  now  a  possibility,  but,  again,  explicit  guidelines  for  a 
"best  class"  of  acceleration  profile  were  provided: 

a.  The  brake  acceleration  magnitude  should  still  exceed  the  boost 
acceleration ,  by  a  factor  of  between  two  and  four.  (In  fact,  error  separa¬ 
tion  remained  impossible  when  this  criterion  was  not  met.) 

b.  The  brake  initiation  velocity,  VW,  should  now  be  low  (400  -  800  fps). 
This  has  the  highly  desirable  added  advantage  that  considerable  test  track 
distance  is  used  (up  to  30,000  feet  positive,  plus  10,000  feet  negative); 
thus  even  further  enhancing  error  separation  by  increasing  the  number  of 
reference  data  points,  N,  mentioned  earlier. 

c.  The  magnitude  of  the  negative  velocity  should  be  one-fourth  to  three- 
fourths  that  of  the  maximum  positive  velocity,  i.e.,  significant  but  hardly 
cri ti cal . 

d.  The  effect  of  streamlining  the  sled  becomes  insignificant,  as  far  as 
error  separation  is  concerned. 

Illustrative  examples  of  these  results  are  given  in  Table  11,  where  the 
parameter  VN  (maximum  magnitude  of  negative  velocity)  has  been  added  to  those 
used  in  Table  I.  The  bottom  two  examples  in  Table  II  are  the  best  profile 
characterizations  yet  attained:  all  correlations  are  easily  sufficiently  low 
for  separation  of  the  guidance  system  errors  simulated. 

It  was  reasonable  to  apply  the  simulation  to  past,  water  brake,  low-G 
sled  test  acceleration  profiles  in  order  to  corroborate  past  analysis  success 
trends.  Of  particular  interest  was  the  classic  profile  used  for  tests  of 
precision  gimballed  guidance  systems.  When  the  acceleration  and  velocity 
requirements  were  dropped  to  7  G  and  1350  fps,  and  / A4  was  assumed  not  to  be 
observable,  the  correlations  were  found  to  be  sufficiently  low  for  error 
separation;  in  accordance  with  the  past  successful  analysis  of  data  from  such 
sled  runs  using  water  braking.  However,  even  these  runs  benefitted  when 
modified,  in  the  simulation,  to  allow  negative  velocity:  correlations 
dropped  by  as  much  as  25‘T.  It  is  thus  indicated  that  retro  braking  to  pro¬ 
duce  negative  velocity  enhances  analysis  of  sled  test  data  in  general. 


OVF'lTER  simulation  inpi:  parameters  and  resulting  correlations 
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The  classic,  low-G  acceleration  profile  is  shown  in  fig  1,  along  with 
the  associated  velocity  and  distance.  Figure  2  shows  the  radically  different 
retro  brake  profile  proposed  for  high-G  application,  along  with  its  velocity 
and  distance  functions. 

Further  modification  of  the  simulation  to  include  other  guidance  system 
errors  did  not  change  the  results:  acceleration  profiles  with  negative 
velocities  described  by  the  above  guidelines  produced  results  which  permitted 
error  separation  for  the  case  of  high-G  sled  tost. 

Finally,  reference  noise  from  several  available  sled  test  files  was 
superimposed  over  the  error  functions  exnected  from  various  high-G  water  brake 
and  retro  brake  acceleration  profiles:  again,  success  of  error  coefficient 
recovery  adhered  to  the  simulation  results.  For  this  test,  it  was  recognized 
that  faults  were  no  doubt  introduced  through  use  of  lower-than-100  G  sled 
test  noise.  However,  an  added  problem  in  regression  analysis  is  that  linear 
combinations  of  error  functions  can  be  highly  correlated,  and  this  test  was 
considered  necessary  for  confidence  in  the  simdlation  results. 

A  question  can  be  raised  concerning  alternative  methods  of  obtaining 
negative  velocity.  Why  could  negative  velocity  not  be  obtained  by  having  two 
separate  sled  runs;  i.e.,  either  by  fitting  the  sled,  after  a  normal  one- 
direction  .  run  ,  with  engines  thrusting  in  the  opposite  direction;  or  by  towing 
the  sled  back  to  the  start  point,  slewing  the  guidance  system  around  and  then 
repeating  the  sled  run?  (This  has  in  fact  been  suggested,  in  Reference  1.) 

The  strongest  reservation  to  these  alternatives  is  the  effect  of  time  on 
the  validity  of  the  test.  Because  of  track  safety  regulations  as  well  as 
practical  limitations,  neither  engine  refit  nor  tow-back  can  be  accomplished 
(or  even  initiated,  for  the  case  of  small,  power-limited  high-G  sleds)  before 
guidance  power  runs  out.  Fence  the  guidance  system  would  have  to  be  shut  off 
before  the  next  sled  firing.  Turn  nff/turn  on  variations  in  guidance  system 
performance  are  even  greater  than  the  variations  (already  noted)  at  sled 
launch  and  stop.  Until  such  time  as  guidance  systems  designed  for  high-G 
operation  become  insensitive  to  turn  off/turn  on  effects,  such  a  dual  sled 
test  would  amount  to  tests  of  different  systems,  thus  negating  the  beneficial 
effect  of  negative  velocity  on  error  separation. 

Another  reservation  is  associated  with  positioning.  If  a  guidance  system 
were  to  be  towed  back  and  slewed  around,  there  would  be  a  new  set  of  align¬ 
ment  uncertainties  which  would  have  to  be  separated  from  the  true  system 
errors.  Such  additional  separation  may  not  be  possible,  if  ohy  other  system 
errors  changed  value  between  turn  off  and  turn  on.  This  problem  would  also 
exist  for  the  case  of  refitting  with  reverse  thrusters,  i.e.,  not  slewing 
the  guidance  system:  the  sled  could  not  be  allowed  to  move  or  settle  in  any 
way  during  the  time  it  was  (necessarily)  turned  off. 

Finally,  the  correlations  associated  with  two  identical -but-opposite  (as 
viewed  by  the  guidance  system)  sled  runs  would  be  too  high  for  separation; 
unless,  as  indicated  by  the  simulation,  the  second  run  boosted  at  a  level  two 
to  four  times  that  of  the  first  run.  It  therefore  seems  that  providing  the 
reverse  thrust  is  mo$t  validly  accomplished  through  use  of  retro  engines  in 
the  manner  proposed  in  this  paper. 


11 


FIGURE  1.  CLASSIC  WATER  BRAKE  PROFILE 
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FIGURE  2.  PROPOSED  r'  '0  BRAKE  PROFILE 
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ABSTRACT 


Guidance  Laboratory  test  data,  historically,  has  been  corrupted 
by  unwanted  random  noise  due  to  seismic,  cultural,  facility  and  other 
sources.  In  the  past,  these  effects  (relative  to  test  article  performance) 
could  be  tolerated.  However,  from  1980  through  the  year  2000,  it  is 
anticipated  that  test  item  performance  and  sensitivity  will  be  obscured 
by  these  effects.  This  paper  reviews  the  conceptual  design  work 
accomplished  on  a  facility  relatively  immune  to  such  noise  sources 
and  covers  future  plans  for  construction  of  the  facility. 

For  example,  if  one  assumes  that  test  facilities  should  he  an  order 
of  magnitude  better  than  the  test  item,  then  an  inertial  instrument  with 
sensitivities  of  l0'sg  over  a  frequency  band  of  IX!  to  100  H:  should  have 
a  facility  quiescent  to  !0~i*g  over  that  band.  This  is  the  facility  goal 
since  instruments  which  meet  the  above  criteria  and  are  test  candidates 
have  been  identified.  The  goal  is  particularly  ambitious  since  it 
approaches  the  theoretical  minimum  quietness  attainable  on  earth. 

A  feasibility  study  concluded  that  such  a  facility  was  possible,  given 
proper  site  selection  and  a  combination  of  special  facility  construction 
techniques  and  active  isolation.  Of  course,  site  selection  was  critical. 
Accordingly,  site  selection  criteria  have  been  developed  for  the  Conti¬ 
nental  United  States  and  promising  sites  identified. 

Proposed  plans  include  the  design  and  fabrication  of  a  prototype  active 
isolation  system  and,  if  approved,  construction  of  the  facility  will  begin 
in  FY  1984. 
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I.  INTRODUCTION 


I'he  Advanced  Inert  uu  Test  Laboratory  (A1TL)  at  the  Central  Inertial 
Guidance  lest  Facility  (CIGTF)  and  the  Frank  J.  Seiler  Research 
laboratory  (FJSRL)  at  the  Air  Force  Academy  are  the  two  most  seis- 
mically  controlled  locations  known  which  can  test  future  inertial  grade 
instruments  without  long-term  filtering  and  averaging  the  data.  Trans¬ 
lational  motion  at  both  facilities  is  assumed  to  be  not  more  than  10'  g 
since  instruments  approaching  these  levels  have  been  tested  successfully 
at  both  locations.  However,  estimated  future  instrument  accuracy 
trends  (Figures  1  and  2)  argue  for  a  more  stable  test  environment. 
Considering  estimated  long-term  instrument  accuracy  trends,  and  user 
need  dates,  the  C1CTF  has  forecast  a  Precision  Guidance  Test  Facility 
(PGTF)  in  the  Military  Construction  Program  (MCP )  for  FY84.  Figure  3 
shows  the  scheduled  events  leading  to  that  capability. 

1 1 .  BACKGROUND 

Some  of  the  milestones  have  been  completed.  In  1975,  the  facility 
feasibility  study  was  accomplished  by  Burns  and  Roe  of  1  os  Angeles. 

This  study  produced  engineering  and  design  data  for  the  "brick  and 
mortar"  portion  of  the  facility  as  well  as  criteria  for  a  vibration  attenu¬ 
ation  system.  Figure  4  is  an  artist's  concept  of  the  Burns  and  Roe 
design.  Burns  and  Roe  also  concluded  that  a  combination  of  active/ 
passive  isolation  techniques  plus  judicious  choice  of  site  location  could 
feasibly  provide  a  test  station  relatively  immune  to  translational 
motions  greater  than  1 O' -*g  in  the  IK.'  to  100  Hz  frequency  band. 

Figure  5  is  extracted  from  the  Burns  and  Roe  study  and  depicts  the 
range  of  input  excitations  versus  peak  accelerations.  Also  shown  is 
the  facility  goal.  Tilts,  in  the  low  frequency  regime  (.1  to  0  Hz),  are 
assumed  to  be  controlled  to  .02  arc  seconds  by  the  active  control 
system.  The  remaining  input  accelerations  must  be  controlled  through 
facility  design/construction  and  proper  site  selection.  Using  the  range 
of  input  excitations  in  Figure  5  and  the  Burns  and  Roe  conceptual 
design  for  the  facility  and  active/passive  isolation  system,  one  obtains 
the  dynamic  inputs  at  the  base  of  the  pier  and  response  at  the  test 
station  shown  in  Figure  t>.  Figure  7  graphically  depicts  the  tranfer 
functions  for  the  various  subsystems.  The  question  could  be  posed 
here  of  why  we  cannot  measure  these  inputs  and  extract  them  from  the 
data?  This  would  be  a  less  expensive  and  easier  way  to  test  future 
instruments.  However,  to  the  best  of  our  knowledge,  there  is  no 
current  or  forecasted  technique  to  do  this  with  the  degree  of  certainty 
required  to  characterize  future  inertial  instruments.  Accordingly, 
our  approach  is  to  isolate  the  test  item  to  the  maximum  extent  through 
facility  design/construction  and  site  selection. 


III.  APPROACH 


The  feasibility  study  by  Burns  and  Roe,  in  1975,  was  the  first 
step  in  an  attempt  to  determine  if  isolation  of  the  test  article  from  all 
translational  inputs  greater  than  10-9  was  practical. 

The  second  step  was  to  define  the  criteria  by  which  a  site  could 
be  selected.  This  was  accomplished  in  1978-79  with  a  study  by  Civil 
Nuclear  Systems  Corporation  of  Albuquerque,  New  Mexico.  The  developed 
criteria  provides  a  methodology  for  determining  promising  regions 
within  the  CONUS  and  converging  on  the  best  seismic  sites  which  will 
be  tested  to  verify  the  methodology  prior  to  site  selection.  Such 
things  as  surface  winds,  temperatures,  seismic  motions,  agricultural 
activity,  and  storm  cycles  are  criteria.  Also,  the  proximity  to  lakes, 
rivers,  highways,  railroads,  aircraft  flight  paths,  and  mineral  ex¬ 
ploration  areas  are  serious  areas  of  concern.  The  main  conclusion 
of  the  study  was  that  potential  sites  meeting  all  the  criteria  do 
exist.  However,  occupation  of  the  potential  sites  with  adequate 
instrumentation  should  be  conducted  for  a  one-year  period.  This 
one-year,  on-site  measurement  should  prevent  any  surprises  (i.e., 
if  a  site  were  only  measured  for  a  small  portion  of  a  year  and  some 
one-time  normal  occurrence  were  missed). 


The  site  selection  rationale  and  nethodology  allows  area  screen¬ 
ing  of  the  Continental  United  States  in  three  phases.  This  screening 
consisted  of:  (1)  a  regional  area  elimination  and  preference  ranking 
(Figure  8),  (2)  a  further  elimination  and  preference  ranking  of  area 

on  a  finer  sub-regional  scale  (Figure  9),  and  (3)  identification  of  a 
number  of  local  sites  where  earth  noise  spectral  amplitudes  were 
expected  to  be  at  a  minimum  (Figure  10).  Advancing  to  that  point 
involves  no  detailed  field  work.  The  only  field  work  recommended 
is  to  include  noise  source  and  tectonic  mapping.  Figure  11  is  an 
example  of  a  preliminary  desk  top  survey  using  the  criteria.  It  pro¬ 
vides  a  "feel"  for  all  the  variables  that  must  be  considered.  The 
sites  shown  are  some  of  the  more  promising  based  on  the  criteria. 

They  include  Oregon  (OR),  Colorado  (CO),  Arizona  (AZ) ,  New  Mexico 
(NM) ,  and  Utah  (UT) . 

The  fourth  and  final  phase  of  the  site  selection  is  Site  Evaluation 
Techniques.  This  phase  of  the  investigation  consists  of  field  instru¬ 
mentation  and  is  broken  into  two  stages.  The  first  stage  consists  of 
surface  instrumentation  placement  and  monitoring  at  all  previously 
selected  sites.  The  quietest  of  these  sites  (recommended  to  be  less 
than  five)  would  then  be  advanced  to  Stage  Two.  The  Stage  Two 
investigations  are  designed  to  thoroughly  investigate  each  of  these  sites 
to  provide  high-confidence  earth  noise  data  at  various  depths  down  to 


the  maximum  possible  facility  depth  and  to  also  provide  required  long 
term  (one-year)  data.  Using  this  approach,  the  long  term  and  depth 
data  would  be  acquired  at  only  the  best  of  sites  and  thus  greatly  reduce 
the  cost  of  PGTF  site  selection.  Having  the  data  on  several  sites  will 
allow  the  various  non-technical  factors,  ever-present  in  the  final  site 
selection  decisions,  to  be  weighed  in  balance  with  the  technical  (earth 
noise)  factors. 

The  Burns  and  Roe  study  strongly  recommended  that  an  actively 
controlled  pad  be  investigated  prior  to  the  building  of  a  PGTF. 

Plans  were  made  and  a  contract  negotiated,  in  June  of  1979.  The 
contract  was  for  the  design  and  construction  of  an  actively  controlled 
test  pad  in  Room  13  of  the  CIL  at  Holloman.  The  design  goals  for 
this  effort  are  to  be  able  to  control  tilts  to  0.02  arc  seconds  over  a 
frequency  band  of  DC-50  Hz.  Suspension  and  isolation  of  the  design 
should  allow  for  a  seismic  quietness  at  the  control  sensor  location  of 
10*8g  in  the  stated  frequency  band.  Figure  12  shows  the  proposed 
installation . 

A  transfer  function  will  be  taken  from  the  earth,  directly  below 
the  control  sensor  location  and  related  to  the  control  sensor  location 
itself.  In-house  instrumentation  will  be  used. 

This  equipment's  (Portable  Seismic  Monitor)  outputs  have  been 
calibrated  at  the  Air  Force  Metrology  Laboratory  in  Newark,  Ohio. 
Simultaneous  measurements  at  two  different  locations  and  directions 
can  be  made.  Data  will  be  fed  into  a  Fast  Fourier  Analyzer  and  the 
horizontal  and  vertical  transfer  functions  derived. 

Using  the  aforementioned  functions,  with  data  taken  from  potential 
PGTF  sites,  it  is  possible  to  dynamically  simulate  the  PGTF  testing 
capability.  This  coordinated,  planned  approach  will  allow  for  in-depth 
knowledge  of  how  the  potential  site  will  react  and  allow  for  a  solid 
engineering  decision  on  the  best  technical  site.  We  are  not  so  naive 
as  to  believe  that  this  will  be  the  site;  however,  technically,  we  will 
have  arrived  at  the  correct  selection. 

The  Department  of  Energy  has  shown  interest  in  providing  the 
site  electrical  power  which  does  not  induce  60  Hz  seismic  motion  to 
i-he  site.  They  have  studied  several  options  and  are  pursuing  under¬ 
ground  power  cables  and  vibrationless  transformer  development. 

The  ANSER  Corporation  is  conducting  a  survey  of  potential  users 
of  a  PGTF.  This  effort  started  in  January  of  1978  and  continued  for 
nine  months.  The  final  report  on  this  effort  is  not  available. 
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IV.  SUMMARY 


The  schedule,  as  shown  previously,  is  designed  to  obtain  engineer 
ing  feasibility  information  at  the  least  cost.  If  data  does  not  support 
the  next  step  of  the  plan,  then  the  project  will  be  terminated. 

We  have  studies  completed  which  state  that  it  is  technically 
feasible  to  build.  Criteria  has  been  developed  to  logically  pick  the 
best  site  for  the  facility.  Engineering  data  will  be  available  in  1980 
to  determine  the  transfer  function  of  a  seismically  stable,  actively 
controlled  test  pad. 

We  have  been  extremely  pleased  with  the  cooperation  of  inertial 
industry  representatives,  the  scientific  community,  and  our  Air  Force 
Systems  Command  counterparts.  Excellent  support  has  been  received 
from  the  Frank  J.  Seiler  Research  Laboratory  and  the  Air  Force 
Metrology  Laboratory. 
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FIGURE  12  -  Proposed  Seismically  Stable  Platform 
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ABSTRACT 


Rockwell's  low-cost,  strapdown  inertial  navigation  system  is  the  N7). 

It  meets  the  need  for  the  standard  medium-accuracy  (0.8  nautical-mi le-per-hour 
radial  position  error  CE1*  rate)  navigation  system  for  future  aircraft/missiles. 
It  employs  instrument  rotation  to  reduce  error  propagations.  The  gyro  errors 
caused  by  some  important  classes  of  electronic  Imperfections  are  analyzed,  as  is 
the  improvement  in  these  errors  attained  on  account  of  instrument  rotation. 

Data  ire  presented  substantiating  the  benefits  of  rotation. 
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INTRODUCTION 


1  . 

Tin*  objective  of  inertial  navigator  design  is  to  moot  a  performance 
specification  at  the  lowest  possible  cost.  A  part  of  the  performance  specifica¬ 
tion  is  navigation  accuracy  -  CEP  rate,  velocity  error,  and  attitude  error. 

These  navigation  errors  are  caused  mostly  by  gyro  and  acce 1 erometer  errors.  The 
inertial  navigator  designer  must  make  use  of  accurate  instruments  and  must 
create  a  system  operating  environment  that  minimizes  the  propagation  oi  the 
instrument  errors  into  navigation  errors. 

All  inertial  navigation  systems  have  implemented  some  sort  ol  instrument 
error  model  in  the  computer  that  is  used  to  compensate  most  of  the  Instrument 
errors.  The  coefficients  in  this  error  model  are  determined  by  instrument  or 
system  level  calibration.  The  instrument  errors  of  concern,  then,  are  those 
that  remain  after  compensat ion.  These  residual  errors  exist  lor  the  lol lowing 
reasons : 

(a)  Errors  that  have  not  been  properly  mechanized  in  the  model.  These 
can  be  systematic  effects  that  have  not  been  modeled  correctly,  or 
short-term  noise  effects. 

(b)  Error  model  coefficients  that  have  not  been  determined  accurately 
during  calibration.  The  error  sources  listed  in  (a)  above  are  the 
chief  cause  of  this. 

(c)  The  Instrument  error  coefficient  values  can  have  shifted  in  the 
time  since  calibration. 

Whatever  the  instrument  errors  may  be,  the  choice  of  system  mechaniza¬ 
tion  Influences  their  propagation  into  navigation  errors.  Some  of  the  possible 
system  mechanizations  are: 

(a)  Stable  Platform  -  The  angular  rates  imposed  on  the  instruments  are 
small.  The  computation  load  is  light.  The  advantage  is  attained 
that  instrument  errors  and  gyrocompass ir.g  errors  remain  well 
correlated  during  the  flight  (ref  1).  Heading  sensitivity  is 
sometimes  a  problem  because  the  housing  moves  relative  to  the  plat¬ 
form  when  the  aircraft  changes  heading.  This  mechanization  is  the 
most  complex  mechanically. 

(b)  Strapdown  -  Here  mechanical  simplicity  is  attained  at  the  expense 
of  Increased  computational  load.  The  instruments  must  operate  at 
high  angular  rates.  Heading  sensitivity  is  a  problem  because  of 
the  loss  of  correlation  between  instrument  errors  and  gyrocompass 
alignment  errors  at  headings  different  than  the  alignment 
heading  (ref  1). 

(c)  Strapdown  with  Instrument  Rotation  -  This  system  is  obtained  by 
taking  the  strapdown  system  o.f  (b)  above  and  adding  something  to  it. 
Added  is  a  motor  driven  axis  of  rotation  about  the  housing  yaw 
direction,  permitting  the  gyros  and  accelerometers  to  rotate 
relative  to  the  housing.  This  instrument  package  is  rotated  through 
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360°,  first  in  one  direction  and  then  the  other  (to  avoid  us  inn 
slip  rings),  at  a  rate  of  about  1  rpm.  The  rotation  pattern  is 
carried  out  cont inuous ly ,  both  during  alignment  and  in  navigation. 
Because  the  heading  of  tills  strapdown  system  is  forced  to  vary 
continuously  through  a  lull  360“  during  all  phases  of  system  opera¬ 
tion,  the  heading  sensitivities  present  in  the  strapdown  system  of 
(b)  above  are  averaged  out.  Because  the  rotation  pattern  relative 
to  the  system  housing  never  varies,  the  heading  sensitivities  of 
the  platform  system  of  (a)  above  are  not  present.  A  resolver  on 
the  rotation  axis  measures  the  rotation  angle  and  is  used  in  deter¬ 
mining  aircraft  attitude  only  (the  other  navigation  outputs  are 
independent  ot  the  resolver). 

Rockwell's  low-cost  strapdown  inertial  navigation  system  is  the  N73.  It 
meets  the  need  for  the  standard  medium-accuracy  (0.8  naut ica 1-mi  1 e-per-hour 
radial  position  error  CEP  rate)  navigation  system  for  future  a i rcraf t /miss i les . 
It  is  mechanized  as  a  rotated  strapdown  system. 

The  N73  strapdown  inertial  navigator  uses  three  accelerometers,  one 
oriented  with  its  sensitive  axis  along  aircraft  yaw,  and  the  other  two  mounted 
in  such  manner  to  complete  the  orthogonal  triad.  It  uses  two  electrostatic 
gyros  with  spherical  rotors  that  spin  approximately  perpendicular  to  each  other. 
The  rotors  are  suspended  electrostatically  by  eight  (spherical  triangle-shaped) 
capacitor  plates  that  have  been  applied  to  the  inside  of  a  spherical  cavity. 

The  system  configuration,  rapid-reaction  alignment  mechanization,  and 
calibration  software  have  been  described  in  ref  2,  3,  and  A.  It  is  the  purpose 
here  to  derive  the  propagation  of  a  set  of  critical  gyro  electronics  errors  into 
gyro  performance  errors,  and  to  study  the  effect  of  rotation  in  averaging  out 
these  errors. 

2.  OYRO  PICKOFF  DESCRIPTION 

Each  N73  gyro  makes  use  of  a  wide  angle  pickoff;  that  is,  the 
orientation  of  the  gvro  case  relative  to  the  rotor  spin  axis  can  be  determined 
for  .ill  case  attitudes.  The  wide  angle  pickoff  mechanization  is  made  possible 
by  a  small  radial  mass  unbalance  that  is  incorporated  in  the  gyro  rotor  during 
its  fabrication.  The  rotor  mass  center  is  displaced  from  the  rotor  geometric 
center  in  a  direction  perpendicular  to  the  rotor  spin  axis.  The  rotor  spins 
with  its  mass  center  held  at  the  center  of  the  spherical  cavity  in  the  gyro  case 
by  tlie  gvro  support  electronics. 

Figure  1  shows  a  two-dimensional  representation  of  this  rotor  surrounded 
by  the  pairs  of  plus  and  minus  numbered  capacitor  plates  used  to  support  it. 

The  rotor  has  its  mass  center  at  the  cavity  center,  and  its  geometric  center 
displaced  f rom  the  cavity  center  by  the  amount  of  the  radial  mass  unbalance. 

This  displacement  is  represented  by  the  vector,  a,  the  Mass  Unbalance  Modulation 
(MUM)  vector.  The  relative  dimensions  are  grossly  distorted  in  this  representa¬ 
tion  to  make  tin1  features  visible.  In  fact,  flit'  rotor  diameter  is  0.4  in,  the 
average  gap  between  the  rotor  and  plates  is  200  pin,  and  the  MUM  vector  is 
1 3  pin  long. 
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Figure  1.  Two  Dimensional  Gyro  Representation 

The  rotor  spins  at  2500  11/  about  an  axis  perpendicular  to  the  paper  in 
Figure  l.  Thus,  the  Ml'M  vector,  a,  spins  around  In  the  plane  ol  the  paper  at 
2500  Hz  as  the  rotor  geometric  center  traverses  the  track  indicated. 

A  different  representation  of  the  same  physical  situation  Is  shown  in 
Figure  2.  Here,  the  plate  geometry  is  more  accurately  shown.  The  view  shown  is 
looking  down  on  the  center  of  the  +1  plate,  with  all  of  the  other  plates  shown 
except  -I,  which  is  out  of  sight  on  the  underside.  Unit  vectors  can  he  associ¬ 
ated  with  each  of  the  plate-pair  axes.  They  are  vectors  perpendicular  to  the 
plate  surface  at  the  centers  of  the  plus  numbered  plates.  Xj  is  a  vector 
straight  up  out  of  the  paper,  so  cannot  he  shown.  The  centers  of  the  11,  111, 
and  IV  plates  lie  over  the  horizon  of  the  diagram  so  ~Xl i »  -Jj li ,  and  have 

been  shown  drawn  from  the  centers  of  plates  —11,  -111,  and  -IV.  The  cavity 
center,  rotor  geometric  center,  and  MUM  vector,  a,  have  been  shown,  but  no  repre¬ 
sentation  of  the  rotor  surface  is  shown.  The  rotor  spin  axis  is  represented  by 
the  unit  vector,  >,  perpendicular  to  the  plane  in  which  a  rotates,  x  *s  drawn 
beginning  at  the  cavity  center  and  terminating  at  a  point  on  the  case  (plate) 
(cavity).  Also  shown  are  a  set  of  orthogonal  unit  vectors,  ^x,  lv,  J^,  drawn 
perpendicularly  out  at  the  corners  of  the  +1  plate.  (The  plate  axes  are  not 
orthogonal,  of  course.) 
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are  all  available  as  voltages.  These  voltages,  represent  ir.g  a  components  on 
the  nonorthogonal  plate  axes,  are  combined  in  such  a  wav  as  to  produce  voltages 
that  represent  the  a  components  on  the  orthogonal  x,  v,  z  axis  set.  hot  us 
derive  the  formula  implemented  to  do  this.  The  plate  axis  unit  vectors 
expressed  in  x,  v,  z  components  arc 


1  1 


-l  l 


-1  -1 


l  -1 


Given  the  vector  on  the  left-hand  side  of  Kq .  (3),  how  do  we  find  cxx,  ay ,  a  ? 
The  familiar  least  squares  solution  is 


-1  -1 


-1  I 


liquation  (4)  has  been  implemented  in  the  electronics.  Another  form  of  this 
equation,  convenient  lor  error  analysis  purposes,  is 


—  =  T  Vl  +  ill'll  +  ±111*11!  +  ±IV*IV 


Now  that  we  have  u  in  terms  ot  x,  y,  z,  we  can  find  >,  the  unit  vector  along  the 
rotor  spin  axis.  y_  is  simply  the  vector  normal  to  the  plane  in  which  is 
rotating.  That  is,  it  is  the  unique  unit  vector  for  which 


Y  •  a  =  0 


for  the  various  values  of  a  generated  as  it  rotates.  jr_  is  computed  in  the  N73 
digital  computer  by  taking  the  vector  cross  product  of  two  values  of  a 
separated  by  90°  of  rotation. 
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-0° 


x  ^90° 


(7) 


The  vector  is  normalized  in  the  computer  to  have  unit  length.  Only  its 
direction,  the  direction  of  the  rotor  spin  axis,  has  meaning  anyway. 

Now  we  have  in  the  computer  yx,  yy,  yz.  the  direction  cosines  between 
the  gyro  rotor  spin  axis  and  the  gyro  case  fixed  x,  y,  z  axes.  These  quantities 
are  just  what  is  needed  for  the  strapdown  navigation  equations.  Velocity  incre¬ 
ments  are  available  64  times  per  second  in  these  same  coordinates  from  the 
accelerometers.  This  Av  vector  is  dot  multiplied  with  the  following  three 
vectors  (1)  y  of  the  first  gyro,  (2)  jr  of  the  second  gyro  and,  (3)  the  vector 
cross  product  of  the  y's  of  the  two  gyros.  These  three  dot  products  are  the  Av 
components  on  a  set  of  inertially  fixed  axes.  From  this  point  in  the  mechani¬ 
zation  on,  the  equations  are  just  like  those  for  an  inertially  fixed  stable 
platform  system. 

2.1  PROPAGATION  OF  ELECTRONIC  CAIN  ERRORS 

We  have  presented  the  essentials  of  the  gyro  wide-angle  pickoff  mechani¬ 
zation.  spins  at  rotor  spin  rate,  and  voltages  that  are  its  components  on 
the  four  plate-pair  axes  are  generated.  These  voltages  are  combined  to  give 
voltages  that  are  a_  components  on  the  three  case-fixed  x,  y,  z  orthogonal  axes. 
The  rotor  spin  axis,  _y ,  is  generated  in  the  digital  computer  by  noting  that  it 
is  the  unique  unit  vector  always  perpendicular  to  a. 

A  block  diagram  of  the  _a_  manipulations  is  shown  in  Figure  3.  There  are 
electronic  operations  (sampling,  demodulation,  etc)  that  occur,  operating  on 
both  the  4-space  (I,  II,  III,  IV)  and  the  3-space  (x,  y,  z)  o_  component 
voltages.  These  operations  are  shown  in  Figure  3  simply  as  unity  gain  elements 
in  the  various  lines.  It  is  the  purpose  here  to  derive  the  propagation  of 
electronics  gain  errors  into  errors  in  determining  y. 

Suppose  that  the  unity  gain  shown  in  the  x-channel  of  Figure  3  is  not 
unity  but  is,  in  fact,  1  +  kx.  Its  output  is  not  ax,  but  (l+kx)ax.  The  MUM 
vector  is  not  a.,  but 

a  +  Set  =  1  (1  +  k  )a  +  1  a  +  la 

—  —  — x  x  x  y  y  ~z  z 

=  a  +  kx  (ix^)s-  <8> 
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Suppose  that  the  unit  gain  shown  in  the  1-channel  of  Figure  3  is  not 
unity  but  is,  in  fact,  1  +  kj.  Propagating  this  error  through  to  the  end, 
making  use  of  Eq  (5),  it  is  seen  that  n  +  5a  is  obtained. 


a  +  fia  -  f  j(i  +  k^  Ijdj  +  lno 


ii  +  - 1 1 r a 1 1 i 


*  hv*ivl 


*  +  Tk,  'Ml'  « 


(10) 


with 


(ID 


In  the  second  step  in  Eq  (11)  the  l's  on  the  diagonal  are  eliminated  to  simplify 
the  matrix;  this  does  not  change  the  direction  of  a  +  6u  in  Eq  (10),  only  its 
length  (which  doesn't  matter). 

Generalizing  the  results  in  Eq  (8)  and  (10),  if  we  have  4-space  gain 
errors  kf  and  3-space  gain  errors  k^,  instead  of  a  we  get 


How  does  this  MUM  vector  error  propagate  into  an  error  in  rotor  spin 
axis  location?  The  spin  axis,  ±  +  6j_,  is  computed  to  be  perpendicular  to  the 
plane  in  which  o_  +  6  a  rotates,  thus 


>  +  <Sy  \  +  6n  j 


r  T  T 
o>  a  +  y  6a 


0  (neglecting  second) 
'order  terms 
(and  using  Eq  (6)  ) 


Using  Eq  (12)  in  Eq  (13) 


|^Y  +  X  b|  u  -  0  for  any  a 


,T 


^Y  -  -B  j_  +  (any  scalar) 
i rr e levant 


(13) 


(14) 


Working  out  the  B  matrix  defined  in  Eq  (12)  explicitly 


*7“  (  +  k  - 

—  —  —  — 

— 1 

k,  , 

1  1 

+  k 

-  k  ) 

I  1  1 

IV  I 

f (+  k,  -  k 


I  1  1 


+  ki i i  '  k 1 v) 


r(+  ki +  ki 


-  km  -  kiv) 


ki +  kn 


km  '  kiv) 


T(+  ki  -  k.t 


km  +  ki 


|(+  ki  ’  k 
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"  km  +  kiv)  *z 


The  matrix  is  symmetric.  The  3-space  gain  errors  appear  along  the  diagonal  at 
the  appropriate  places.  All  the  4-space  gain  errors  appear  in  each  off-diagonal 
element.  They  appear  in  the  xy  and  yx  elements  with  the  sign  pattern  of  the 
z  row  of  the  matrix  in  Eq  (4),  etc.  Notice  that  if  all  the  kf's  are  equal,  and 
all  the  kt's  are  equal,  6y  =  kty  =  (no  error  in  y  direction).  Thus,  only  gain 
balance  matters. 

The  3-space  and  4-space  electronic  operations  shown  in  Figure  3  are 
subject  to  phase  errors  as  well  as  gain  errors,  of  course.  The  analytical 
development  leading  to  the  _6^_  resulting  from  phase  errors  follows  the  line  of 
the  development  just  presented.  Define  a  rotor-fixed-vector,  8  ,  rotating  in  the 
plane  perpendicular  to  >  and  leading  a  by  90°. 


6=  y  x  n 


Now  with  a  phase  error  $  ^  ,  instead  of  aj  ,  we  get  aj  +  <J>  j  gj, 
as  before,  we  obtain 


Following  through. 


6a.  =  B'jJ 


where  B'  is  the  matrix  of  Eq  (12),  but  with  phase  errors,  <J>  [_  and  $  £  instead  of 
gain  errors  k^  and  kf.  Analogous  to  Eq  (14)  is 


T  T 
6y  a  +  y  6y 


=  6y’a_  +  y_‘  B'j}_ 

=  a  +  j_*B'(y  x)a  for  all  u_ 
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From  which 


-  yx  ( B ’ 1 l)  (20) 

This  expression  is  like  that  of  Eq  (15)  for  scale  factor  error  propagation,  but 
premul  t  ipl  led  by  -j^x,  which  merely  rotates  the  error  by  -90°  about  j_. 

The  above  discussion  has  dealt  with  gyro  angle  readout  error.  Another 
important  class  of  gyro  error  is  rotor  spin  axis  precession  in  inertial  space, 
that  is,  gyro  drift  rate.  It  is  asserted  without  derivation  that  drift  rate 
expressions  of  the  form 


G  =  B">  +  y  x  B’"y 


(21) 


characterize  a  substantial  part  of  the  gyro  drift  rate  errors.  B"  is  a 
symmetric  matrix  having  to  do  with  rotor  oblateness  and  cavity  shape  errors. 

B" '  is  a  .symmetric  matrix  having  to  do  with  suspension  servo  phase  errors. 
Notice  that  the  drift  rate  of  Eq  (21)  has  the  same  form  in  as  the  pickoff 
error  expressions  of  Eq  (15)  and  (20). 

We  see  then  that  errors  of  the  form  Bj_  arise  from  many  sources  and  that 
it  is  important  to  know  the  effect  of  gyro  case  rotation  on  these  errors. 

2.2  THE  AVERAGING  EFFECTS  OF  ROTATION 

Three  accelerometers  and  two  electrostatic  gyros  are  part  of  Rotating 
Assembly  Unit  (RAU)  in  the  N7 3  navigator.  The  RAO  rotates  360°  within  the  N73 
housing  about  the  yaw  axis  in  1  minute  (15  seconds  during  alinement).  The  RAU 
then  reverses  its  direction  of  rotation  and  goes  360°  the  other  way.  The  N73 
operates  continuously  as  a  strapdown  navigator,  just  as  an  nonrotated  strapdown 
navigator  would  in  an  aircraft  that  was  changing  heading  back  and  forth  through 
3b0° . 


The  time  of  RAU  rotation  is  short  compared  to  an  84-minute  Schuler 
oscillation  period  so  instrument  errors  are  effectively  averaged  over  an  RAU 
rotation  cycle  before  influencing  system  navigation  errors.  To  see  the 
averaging  effects  of  RAU  rotation  upon  the  gyro  errors  described  in  the  previous 
section,  consider  Figure  4.  The  gyro  is  mounted  in  the  RAU  so  that  the  rotation 
axis,  lr,  falls  at  the  center  of  plate  I.  As  the  gyro  case  rotates  with  the 
RAU,  and  the  rotor  spin  axis  does  not,  the  spin  axis,  y,  (shown  in  Figure  4 
drawn  from  the  gyro  cavity  center  to  the  cavity  surface),  moves  in  a  closed 
circular  track  on  the  cavity  surface,  such  as  the  one  shown  in  Figure  4.  This  is 
nominally  the  c.ise  when  the  aircraft  roll  and  pitch  angles  are  essentially 
constant  for  the  length  of  the  RAU  rotation  cycle,  a  condition  prevalent  the 
vast  majority  of  the  time. 
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SPIN  AXIS  T HACK 
ON  THE  CASE 


Figure  4.  Rotating  Gyro  Geometry 


It  is  convenient  to  describe  the  location  of  y  on  the  gyro  case  by  a  set 
of  Euler  angles,  longitude  4,  and  colatitude  0,  relati.e  to  lr  as  a  pole.  In 
terms  of  these  angles 


Y  =  Y 


—  cos  0  +  -r-sin  0  cos 

v  3 


1 


—  cos  0  +  I—  s in  G  cos  (4>  +  120°) 

J3  *  3 


cos  0  +  —  sin  0  cos  (4>  -  120°) 


J3 


(22) 


Using  the  y_  of  Eq  (22)  in  Eq  (15)  we  can  find  =  [5yx,  6yy,  6yz]T  in  terms  of 
4,  0.  But  x,  y,  z  error  components  are  not  the  ones  we  want  to  average  over  4. 
x,  y,  z  is  a  rotating,  case  fixed,  coordinate  set  whereas  we  want  to  average  the 
error  components  on  an  inert ially  fixed  set  of  axes.  The  set  of  axes  shown  in 


Figure  4,  J_t  (for  "track")  and  lc  (for  "cross-track")  is  suitable  for  averaging 
error  components.  It  is  approximately  inertially  fixed  most  of  the  time. 


it  =  (sin  0)  (y  x  1^) 


i  =  y  x  1 
-c  -t 


We  can  resolve  the  6y_  given  in  x,  y,  z  components  onto  the  t,  c  axes  by  means  of 
a  transformation  involving  tp  and  0,  and  then  average  the  result  over  360°  of  <f> . 

Fortunately,  the  arduous  procedure  just  described  can  be  avoided  by 
making  use  of  a  potential  function  formulation  of  Eq  (15).  If  b^j  is  the 
element  of  the  itil-row  and  jtil  column  of  the  symmetric  matrix  B  of  Eq  (15),  we 
can  rewrite  Eq  (15)  as 


6y  =  VC 


where  V  is  the  gradient  operator 


1  —  +  1  —  +  l  — 

~x  3yx  -y  9yy  -2  3yz 


and  G  is  the  scalar  function 


1  Tn 

—  Y.  By 


=  -TbHY^  -4b33YI  -  b  1 2^  Y  -  b23Y  Y  -  b31Y  Y, 


Our  plan  is  to  substitute  the  <p ,  0  forms  of  Yx,  Y  Yz  from  Eq  (22)  into 
Eq  (27),  average  this  scalar  function  over  360  deg  of  ,  naving  left  a  scalar 
function  of  0  only,  and  now  take  its  gradient  to  obtain  6y .  We  have 


Av.  over 


-i-cos2ji  +/-|-sin20 


Hr)  -  T 


Av  over  d)  'y2( 

l  y 


Av  over  d>  lv2l 
I  2  { 
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Av  over  ^  li  i  I 

I  X  V, 


—  ons"  0  +  —  siir  0  eos  'J'  cos  (if  f  120'  1 


Av  over  f  -  — — 


1  1  I  1 

v  cos'  0  -  —  sin  0  -  —oos"  0  -  — 

1  t>  h 


Av  OVOf  I  'll 


Av  over  '>  i  I 
I  *  *1 


Averaged  over  f ,  i  lie  potent  lal  I  line  l  ion  ot  Ki|  (J7)  lu'i'ontes 


Av  over  $ 


-  —  ( l> ,  f  b  .  >  »  b  ,  .  1 

t> 


-(t 


OS  0 


')  ib\:  +  h.’.t  +  *’  u)  ( i0) 


We  take  tlie  gradient  ot  tliis  timet  ion  to  obtain  il  1  .  The  grad  lent  operator  ot 
Kt|  (2f>)  i  an  be  written 


d0_  +  _d]jJ  ± 

'  3j  30  3l  5*  3^  '  j  l| 


i  1  ,1 

-♦  I  (sin  0)  1  —  *  i  --j  — i 

“i  H  1  'M  >  I 


The  seeonii  ami  third  terms  ot  the  gradient  operator  given  in  t'ij  i  III  prodnee 
zero  when  operating  on  the  potential  limit  ion  given  bv  T.q  t  101  .  We  have  then 
from  Kq  (-’S) 


Av  over  | 


le  ;b  Av  ovor  *  M 


(b i  <  f  h  .  |  *  b  ( i )  1  eos  0  sin  0 


—  (b,  .  +  b  .  |  +  l'„)  i  sin  2  0 


HP 


hi  terms  of  the  electronic  gain  errors  (see  Kq  tin)) 


Av  over 


»*"  - "  (rk,  -ik 


11  8  k  1 1 1 


-KJ 


Kquation  (11)  is  the  .iver.ine-with-rol.it  toil  error  express  ion  we  h.ive  been  seeking. 
Notice  that  the  i-spacc  gain  errors,  kx.  kv ,  k.,  Jo  not  oppose  there.  I'hreo- 
sp.ice  gain  (anil  phase)  errors  are  completely  averaged  1 1>  .-ero  hv  the  rot.it  ion. 
The  A- space  p.ain  errors  are  not  avei  aged  to  .•ero.  with  the  prop,  ip.at  i  on  ol  k| 
he  inn  larger  than  the  others.  >>  Jue  1 o  k|  (nonrotateJ )  is 


t  1*) 


With  the  rotation  axis  along  ,  the  Jne  to  kj  is  independent  ot  .  thus 
rotation  does  noth i ng  to  reduce  the  propog.it  ion  ot  kj.  He  tori*  rotal ion  the 
propanat  ions  of  kj|,  k  j  |  j .  k[^.  are  similar  to  that  ot  k^;  theli  directions  are 
different  hut  the  mis  value  taken  all  over  the  case  is  the  same.  From  Fq  t.  1  * ) 
it  is  clear  that  rotation  reduces  the  i ms  propagation  ol  the  <-space  gain  eriors 
k|j,  k  |  |  |  ,  k|y  by  a  factor  *<1  l.  It  pain  errors  are  equally  likely  i>n  each  ot 
the  4-space  axes,  then  rotat  ion  reduces  the  overall  i  ms  gain  error  proposal  ion 
hv  a  factor  i>t  J~i. 

In  summary,  rotation  Joes  nothing  toi  the  <  space  gain  (anJ  phase)  orrot 
along  the  rotation  axis,  reduces  the  othet  i-space  gain  (and  phase)  error 
propagations  by  a  t  actor  ot  1,  and  averages  to  /ero  the  pi  opag.it  ion  ot  l  space 
gain  (and  phase)  errors. 

The  drift  rates  given  hv  l'q  (.’I)  benefit  similarly  from  rotation.  The 
propagation  ot  the  on-diagonal  elements  ot  the  matrices  11"  and  U"'  is  reduced  to 
./ero.  The  propagation  ot  the  off-diagonal  elements  ot  the  matrices  is  reduced  hv 
a  factor  of  when  the  rms  value  is  taken  all  over  the  case. 

It  Is  signit  leant  to  notice  that  at  0  *  0“  and  0  l>0°,  all  these 

errors  average  to  zero  with  rotation.  Hv  spinning  the  two  N7  1  gyros  up,  one 
with  its  spin  axis  along  the  rotation  axis  (l.o.,  vertical),  and  the  other 
with  its  spin  axis  perpendicular  t o  the  rotation  axis  (l.o.,  horizontal)  all 
ol  these  errors  are  averaged  out.  The  advantage  ot  this  spinup  orientation  is 
particularly  Important  during  fast  reaction  gyrocompass  alinement  because  it 
reduces  the  thermal  settling  requirements  on  the  electronics.  The  spin  axes 
move  awav  from  this  special  orientation  in  time,  as  the  earth  turns,  hut  by 
then  the  critical  gyrocompass ing  operat ion  is  complete. 
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I.  NM  FFKFORMANFF  KFSIUTS 


Two  feasibility  dcmonstratoi  systems,  des  I  gnat  ed  N''7,  won'  I'ullt  i  it 
1971-19  74.  rh«>  N‘>7  Is  .in  FS(«  st  i  apdown  navigatoi  ili.it  does  n.  ,  t  ncot  pot  .it  e 
instrument  ml  .it  Inn .  l'he  two  NW  systems  wolo  tested  In  .1  v.11  tclv  ot  environ 
ments  In  19/M  19/S.  l'hev  cons  I  st  out  1  v  demons  t  1  .1 1  od  pel  I  01  m.moo  bet  lot  t  li.m 
l  nml/hr. 

A  sorlos  ot  tests  made  with  .in  NS7  In  T'/n  provides  .in  oxoo  1  1  out  basis 
lor  comparing  rot  nt  oil  .nnl  nontolated  FSF  navigatoi  pot  t  01  m.moo  isoo  10I  II. 
First,  .’t>  laboratory  n.iv  ln.it  Ion  runs  woro  made,  Including  heading  changes  to 
stmul.ito  tin-  I  light  attitude  onvlronmont.  then  It'  labotalorv  rims  woio  m.nio  in 
whieh  tlu>  N‘’7  was  rotated  nslin;  t  ho  Innoi  axis  ot  .1  Foor.*  .mtom.it  lo  I  axis  table 
lii  aehlovo  (nstruimnit  rotation  hv  rotating  t  ho  wltolo  N'>,‘  svstotn.  Additional 
mot  Ions  to  simulate  the  t  light  .it  t  1 1  mle  onvlronmont  won'  Imposed  via  t  ho  iloor: 
t.ihlo  axes.  The  FIT  rate  exhibited  in  the  totaled  runs  was  one  halt  that  ot  the 
nonrolatod  runs.  l'he  volooltv  errors  ot  the  totaled  runs  were  one-third  those 
ot  the  nonrotatod  tuns.  l’he  Improvement  with  rotation  was,  as  expoelod,  vorv 
substant  ial  . 

Two  N/M  Fug  i  noo  t  Ini;  1’rototvpo  Model  U'TMl  navigators  woro  built  in 
1976-1977.  They  make  use  i't  the  Instrumont  iot.it  ion  toatuio  wo  have  boon 
dose  r  I  b  ing .  l'he  test  programs  on  the  two  F.I’M  svstoms  boo.. in  in  1 9  / and  are 
still  eon  t  I  mi  ing . 

The  radial  position  on  01  totes  t  rom  the  tests  on  N.M  ||’M  No  I  tot  a 
pot  tod  ot  more  than  a  year  are  shown  in  FI  nitre  s.  l'he  results  oi  both 
laboratory  runs  and  t  light  tests  are  shown  there.  A  series  ot  ‘  (lights  was 
made  by  Northrop  in  t  lie  i  1  Full  stream  II  airer.it  t  in  July,  19/8;  a  series  ot 
8  t  lights  was  made  in  Oetobot  1978  in  the  same  atreialt. 

Several  things  should  he  noted  about  the  data  piesontod  in  Figure  S. 
First,  portorm.inoo  Is  exeel  lent.  l'he  median  radial  01  rot  late  (roughly,  FIT 
rale)  over  the  tost  series  is  one  third  that  remitted  h\  the  Standard  Navigate! 
spoe 1 1 teat  ion.  So. end,  radial  orrot  rate  values  arising  Item  the  t light  tests 
look  tike  those  from  the  laboratory  tests.  The  t  light  environment  eauses  no 
dogradat  ion  in  porlormanee  tor  this  sttapdown  system.  last,  alt  ot  these 
results,  obtained  over  a  time  span  ot  more  than  a  vent  ,  ate  t rom  a  single  system 
calibration  at  the  beginning.  The  slope  ot  the  best  tit  line  to  the  points  is 
negative.  While  not  suggesting  that  the  calibration  Improves  with  age,  it  i s  at 
least  true  that  no  pertormance  degradation  with  time  is  evident. 

Units  ot  the  N/t  proproduc t 1  on  model  (ITMI  design,  also  using  instrument 
rotation,  are  now  in  test  at  FIFTF,  and  doing  well. 
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I .  INTRODUCTION 

A  linear  vibrator  facility  that  Honeywell  has  under  development 
has  opened  up  a  new  and  unique  method  for  evaluating  a  signifi¬ 
cant  2nd  order  cross  axis  accelerometer  error  (Fxi)  in  the  MX 
missile  application.  The  needed  precision  for  this  measurement 
has  so  far  eluded  other  test  methods.  The  technique  described  in 
this  paper  is  eventually  expected  to  meet  the  accuracy  require¬ 
ments  with  a  relatively  simple  setup.  The  test  simply  stated  is 
vibrating  perpendicular  to  the  input  axis  and  determining  the 
squared  response  in  the  SFIR  output. 

At  the  time  that  the  abstract  for  this  paper  was  submitted,  it  was 
anticipated  that  enough  data  would  exist  to  substantiate  the  vali¬ 
dity  of  the  linear  vibration  technique.  Due  to  the  test  base 
(slab)  stability  problems,  this  is  now  considered  inappropriate. 

Some  of  the  data  appears  to  have  good  repeatability  and  quality 
but  now,  having  knowledge  of  the  resonant  responses  of  the  slab, 
the  aggregate  of  the  data  is  considered  questionable.  This  is 
true  even  though  the  test  values  for  Fx^  approached  calculated 
values.  The  emphasis  of  this  paper  is  now  on  test  methodology 
which  includes  test  mechanizations  and  technical  approach.  It  is 
anticipated  that  with  the  vibration  facility  modifications,  valid 
data  can  be  produced  in  August  1979.  Operating  on  the  data  with 
post  processing  techniques  now  being  developed  will  assume  that 
meaningful  test  results  will  be  presented  at  the  symposium.  The 
report  will  have  to  be  given  in  a  classified  session. 

The  basic  test  problem  is  to  derive  high  resolution  data  from  a 
dynamic  vibratory  environment  that  is  a  composite  of  urban  seismic 
background  "noise"  and  a  larger  spectrum  of  disturbances  being 
excited  by  the  linear  vibrator  itself.  The  accuracy  need  for  the 
Fxi  is  far  below  typical  urban  seismic  disturbances.  Exact  num¬ 
bers  are  being  avoided  to  keep  this  paper  unclassified.  Specific 
numbers  will  be  presented  at  the  symposium.  An  interesting 
aspect  of  this  program  is  the  planned  use  of  a  SFIR  instrument  of 
the  same  type  being  evaluated,  for  characterization  of  the  forcing 
function  vibration  being  applied  to  the  SFIR  specimen  accelero¬ 
meter  during  the  test. 

The  need  fora  Fx^  installation  is  a  relatively  recent  test  require¬ 
ment  that  has  been  identified  on  the  MX  missile  development  program. 
This  is  modelled  as  an  error  term  which  is  excited  by  accelerations 
perpendicular  to  the  designed  input  axis  of  each  system  accelero¬ 
meter.  The  missile  impact  range  error  contributed  by  this  term  is 
large  ;  therefore,  there  is  considerable  concern  over  the  current  calibration. 


The  linear  vibrator  technique  under  development  has  the  potential 
of  being  a  uncomplicated  set-up  and  simple  to  run  to  meet  the  appli¬ 
cation  accuracy  requirements.  The  basic  set-up  consists  of  a  low 
frequency,  long  stroke  precision  linear  vibrator.  Several  proce¬ 
dures  and  fixtures  were  developed  to  accomplish  this  task.  These 
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are  one  time  methodology  activities  and  once  established  will 
make  repetitive  production  tests  routine.  The  salient  features 
of  the  system  is  the  10  inch  usable  stroke  of  the  vibrator  which 
has  a  precision  linear  motion  from  1  to  20  Hz.  Figure  1  shows 
the  acceleration  and  frequency  soeci f ications  of  the  vibrator 
and  Figure  2  is  a  photograph  of  the  control  console. 


FIGURE  1  FIGURE  2 

CHARACTERISTICS  OF  LINEAR  LINEAR  VIBRATOR  CONTROL 

VIBRATOR  CONSOLE 

The  stroke  is  carefully  channeled  into  near  perfect  zero  cross 
talk.  This  is  accomplished  by  close  tolerance  and  high  balancing 
forces  on  a  hydraulic  bearing.  A  very  high  centering  force 
(15,000  lbs.)  is  produced  to  keep  the  thrust  centered  in  the  bear¬ 
ing.  Low  frequency  capability  is  the  key  for  approaching  and 
extrapolating  into  a  zero  (steady  state)  frequency  resoonse. 

The  overall  facility  is  pictured  in  Figure  3.  This  is  an  experi¬ 
mental  set-up  as  evidenced  by  the  50  gallon  drum  for  cooling  the 
vibrator  oil  and  other  features  characteristic  of  an  engineering 
set-up.  The  impending  move  to  a  permanent  location  will  benefit 
much  from  work  in  this  area.  a  more  sophisticated  set-up  is  in 
the  plan. 


2 


FIGURE  3.  OVERALL  LINEAR  VIBRATION  SET-UP 


The  key  to  making  the  measurement  practical  is  to  reduce  the 
disturbances  in  the  test  environment  to  the  point  that  the  math- 
mat  ics  of  the  method  can  account  for  them.  computers  and  special 
instrumentation  loops  are  used  to  sort  out  the  coherent  func¬ 
tions  between  the  test  sample  outputs  and  the  cross  axis  stimulus 
for  harmonics  of  concern. 


II.  TEST  OBJECTIVES 


The  basic  objectives  of  this  program  are 


Utilize  the  dynamics  of  vibration  to  determine  the  Fxl 
coefficient  family  characteristics  of  the  MX/SFIR  accel 
erometer . 


Develop  a  test  applicable  for  production  units.  The 
alternative  would  involve  the  resources  of  a  large 
complex  facility,  i.e.,  centrifuge. 


The  MX/SFIR  is  a  pendulous  integrating  gyro  accelerometer  which 
operates  on  a  closed  loop  principle  where  pendulous  torques  are 
balanced  by  gyroscopic  torques.  The  unit  consists  of  a  gyro  hav¬ 
ing  a  specific  mass  unbalance  along  the  spin  reference  axis 
slaved  to  a  single  axis  platform  such  that  the  gyro  output  axis 
is  parallel  to  the  rotational  axis  of  the  platform.  A  specific 
force  acting  on  the  mass  unbalance  of  the  Pendulous  Integrating 
Gyro  (PIG)  results  in  a  torque  about  the  gyro  output  axis.  This 
torque  results  in  a  tendency  for  the  gimbal  to  move  off  null, 
thus,  generating  an  error  signal.  This  signal  is  conditioned 
to  drive  the  single  axis  platform  servo  motor  and  a  gyroscope 
torque  induced  that  precisely  balances  the  torque  induced  by 
the  pendulous  force.  The  angular  rate  of  the  servo  driven  mem¬ 
ber  (SDM)  is  proportional  to  acceleration  along  the  PIG  input 
axis  and  the  integral  of  the  angular  rate  or  the  total  angle 
the  SDM  has  rotated  at  any  given  time  is  proportional  to  velocity. 
Figure  4  shows  the  cylindrical  configuration  of  the  MX/SFIR  and 


FIGURE  4.  CYLINDRICAL  CONFIGURATION  OF 

SPECIFIC  FORCE  INTEGRATING  RECEIVER  FIGURE  5.  MX/SFIR  CUT-A-WAY 
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Fxi  in  the  SFIR  model  equation  is  the  term  that  responds  to  an 
acceleration  perpendicular  to  the  input  axis.  This  response  is 
a  squared  function  to  the  exciting  acceleration.  Given  this  re¬ 
lationship,  it  is  theoretically  possible  to  amplify  2nd  order 
responses  with  precise  low  frequency  (1-20  Hz)  vibrating  inputs 
at  higher  than  local  "g"  (l-20g)  into  the  OA/SA  plane.  The  Fxl 
information  is  then  in  the  output  of  the  SFIR  and  the  uniqueness 
of  the  methodology  is  in  the  reduction  of  the  information  to  ob¬ 
tain  Fxi  from  output  highly  contaminated  with  other  dynamic 
responses  of  the  environment . 

The  reason  Fjq  is  so  important  is  rooted  in  a  system  requirement 
to  know  either  Fj^  or  Fxi  very  accurately  (classified  numbers) . 

Fj^  is  a  2nd  order  error  term  that  is  a  function  of  acceleration 
into  the  SFIR  input  axis.  If  one  is  known,  the  other  can  be 
derived  in  System  CAL  &  Align,  which  is  a  slow  tumbling  mechani¬ 
zation  which  exposses  all  axis,  i.e.,  Input  (IA),  Output  (OA)  and 
Spin  (SA) ,  to  local  gravity  (refer  FIGURE  1) .  The  system  problem 
is  one  of  separation  due  to  an  interdependence  of  a  Cos  29  term 
where  F(e)  is  involved  in  the  application  of  local  "g"  into  the 
IA  and  SA/OA  plane.  This  relationship  is  developed  in  the  next 
section.  Fn  measurement  has  always  been  an  Acceptance  Test 
Procedure  (ATP)  as  a  relatively  simple  and  a  very  repeatable  test. 
Technical  questions  have  been  raised  this  past  year  as  to  whether 
the  ATP  test  is  really  determining  all  the  F j ^  mission  response 
through  the  SFIR  servo  driven  member  simulation  of  high  "g" .  The 
development  of  an  accurate  Fjq  vibration  test  will,  as  a  minimum, 
help  evaluate  the  real  Fj^  coefficient  as  a  qualification  endeavor 
and,  as  a  possible  maximum,  replace  the  Fj^  test  in  the  ATP. 

Two  other  methods  have  been  tried  to  precisely  determine  Fjq  but 
at  present,  neither  meet  accuracy  objectives  of  this  test  program. 
The  first  method  is  a  one  "g"  tumbling  technique  where  a  2nd  order 
curve  is  fitted  to  the  data.  This  has  so  far  been  lacking  by  at 
best  an  order  of  magnitude  for  system  requirements.  The  2nd  method 
is  a  major  undertaking  involving  a  complex  centrifuge  setup,  i.e., 
CIGTF .  Theoretically,  this  has  the  precision,  but  requires  more 
engineering  to  meet  system  requirements.  The  latter  method  could 
never  in  a  practical  sense  be  applied  to  a  production  run.  The 
vibration  technique  proposed  in  this  test  plan  has  the  capability 
of  being  both  accurate  and  not  a  complex  operation  for  ATP  testing. 

III.  TEST  MECHANIZATION 

Long  Stroke  Linear  Vibrator  --  This  facility  makes  the  measurement 
possible  as  it  permits  the  application  of  a  low  distortion  sinu¬ 
soidal  waveform  of  acceleration  at  a  high  "g"  and  low  frequency. 

The  latter  two  points  are  salient  and  are  the  difference  between 
this  test  and  previous  attempts  to  derive  SFIR  responses  through 
linear  vibration.  The  long  stroke  allows  high  "g"  acceleration 
near  the  effective  0  Hz  of  the  mission  environment  and  puts  the 
test  frequencies  far  from  resonant  responses  of  the  device  when 
on  stiff  mounted  fixturing. 


The  physical  property  of  Fy^  which  keeps  the  same  polarity  sense 
whether  the  SFIR  IA  is  up  if  )  or  down  (  ^ )  allows  for  separating 
the  true  Fy^  from  other  2nd  order  terms,  i.e.,  IA  rocking  from 
fixturinq  or  slab  motions  caused  by  the  driven  accelerations. 

The  latter  motion  changes  sign  with  180°  rotation  from  IA^  to 
IA  ,  .  Algebraically  adding  (effectively  subtracting  absolute 
values)  leaves  a  result  that  is  a  dynamic  bias  change  due  to 
Fy^.  The  holding  fixture  is  capable  of  precisely  inverting  the 
device  without  changeing  the  effective  c.g.  It  is  imperative 
that  all  the  dynamic  responses  stay  the  same  in  both  positions. 

If  the  accelerometer  output  responses  are  small  enough,  a  sub¬ 
traction  between  up  and  down  leave  a  detectable  residual  which 
is  the  cross  axis  component.  The  present  holding  fixture  is 
shown  in  Fioure  6  and  Fiuure  7  which  shous  the  swivai  inversion 
process  which  is  a  clever  way  to  keep  connectors  aligned  ami  heat 
applied  to  the  flange.  This  can  be  carefully  rotated  while  the 
SFIR  is  in  a  closed  servo  loop.  FIGURE  8  shows  a  development 

of  a  wind  shield  to  relieve  air  turbulence  around  the  SFIR  and 


FIGURE  7.  FIXTURE  CONFIGURA¬ 
TION  SHOWING  CONNECTOR  SWIVALS 


FIGURE  6 


M  JS 


FIXTURE  ARRANGEMENT  WITH  IA  *  \ 


NOTE:  "WINGS"  TO  BRING  DOWN  C.G.) 


FIGURE  8.  FIXTURE  WITH 
WINDSHIELD  CON F I GU RAT I ON 


Two  methods  are  currently  used  to  extract  FX}  from  test  data: 

1)  Solve  the  relationship 

AAq  =  FXl  a2  (RMS) 
where : 

Aaq  =  Average  change  from  0  "g"  input 

a^(RMS)  =  RMS  Acceleration  at  n  frequency 

derivation : 

Aa  =  Fxi  a2 

cross  1  cross 

2 

=  FXl  (aQsinwt) 

F*l/ (^a  sinwt) 2 

l  /I  rms  / 

=  FXl  <2a2rmssin2wt> 

fT  | 

Aacross  -  2FXla2rmssin2wt  d(wt) 

°  r  oi2 

Tff  (2FXia2rms  >  K(wt)  "  l4S>r^wtJ 

2 

FXia  rms 

Acknowledgement:  Paul  Steranka,  CSDL  Derivation. 

2)  Fit  a  2nd  order  curve  to  the  data  (details  in  Section  IV). 

This  can  be  done  by  getting  the  best  fit  for  IA^  rate  vs  g 
and  repeat  IA4  rate  vs  g  and  then  use  simultaneous  equations 
to  isolate  that  part  of  the  2nd  order  coefficient  which  is 
FX^.  The  same  technique  can  be  applied  with  A  rate  between 
up  and  down. 

3)  A  3rd  method  is  being  experimented  with  and  this  is  to  deter¬ 
mine  the  cos20  coefficient  in  a  Fourier  expansion  of  the  rate 
data.  The  2nd  harmonic  is  proportional  to  Fxi.  This  trigo¬ 
nometric  relationship  is  expanded  in  Section  IV. 

Various  techniques  will  be  applied  to  determine  the  true  accele¬ 
ration  harmonic  content  of  the  incut  waveform  and  also  the  true 
RMS  of  the  waveform.  A  planned  use  of  a  SFIR  to  record  very  pre¬ 
cise  acceleration  waveform  measurements  for  computer  processing 
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Thf  t  i  i  st  method  involves  a  eounlfi  and  has  been  for  yoais  the 
imsk'sI  and  standard  method  lot  obtaining  well  tiltorod  readout 
data  to  .It*  t  ee  t  small  fhamies  ovoi  a  lon.j  pel  i  o.l .  The  etnintt'i  is. 
t  r  i  tutored  by  zero  erossimis  t  rom  the  SKIK  resolver  professor  in 
the  test  st.it  ion.  The  .’ml  method  is  tin*  same  as  tin*  system  read¬ 
out  whieli  is  a  ili.tit.il  aminlai  output  in.iie.it  i  mi  SUM  posit  ion. 

It  dilters  t  i  om  tin*  system  in  that  tin*  station  ean  strobe  at  liiuh 
t*i  ami  di  Merest  Iro.pieneies  whieli  is  varied  tor  wave  analysis.. 
The  atlv.m  t  a.jt's  ol  the  whole  an.jle  data  are  its  liiuh  resolut  ion 
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A  new  evaluation  toehnique  lor  determininu  the  validity  ol  the 
l.es.t  results  utilizes  a  leeeutly  eontiumed  111'  noise  measurement 
test  system.  With  sot t ware  development,  it  ean  determine  the 


coherent  functions  between  the 
driven  acceleration  and  the 
vertical  components  both  in  the 
vertical  movement  of  the  SFIR 
case,  or  in  the  SFIR  output  it¬ 
self.  This  information  can  be 
plotted  out  as  a  function  of 
frequency.  The  2nd  harmonic 
of  SFIR  which  is  proportional 
to  Fxi  can  be  graphically  shown 
and  compared  via  transfer  func¬ 
tions  to  the  input  vibration.  A 
coherence  function  can  measure 
the  SFIR  output  to  vibration 
input  .  A  marked  change  in  coherence 
of  the  2nd  harmonic  during  a  sweep 
indicates  the  presence  of 
rocking.  The  system 
with  explanation  is  shown  in 
Figure  9  and  the  CRT  display  of 
the  spectrum  analyzer  in  Figure 
11.  The  CRT  shows  a  high  vertical 
response  to  the  2nd  harmonic  at 
a  horizontal  driven  acceleration 
of  18  Hz.  Figure  10  shows  the 
front  of  this  key  item  in  the 
measurement  loop. 


FIGURE  9 


BLOCK  DIAGRAM  OF  NOISE 
MEASUREMENT  TEST  SYSTEM 


FIGURE  10 


FRONT  CONTROLS  AND  CRT 
OF  SPECTRUM  ANALYZER 


CRT  DISPLAY  OF 
SPECTRUM  ANALYZER 
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TECHNICAL  APPROACH 


l .  Mode 1 


Fiqure  12  shows  why  the 
cross  axis  effect  produces 
a  2nd  order  error  term. 
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The  general  mode 1  out  to 
a  3rd  order  is  developed 
from  the  vector  diagram 
in  Figure  13  below  for  a 
earth  base  system. 


FIGURE  12 


FIGURE  13 


Fx,  MECHANIZATION  SHOWING  CONVENTIONS  FOR 

RATIONALE  FOR  SQUARED  EFFECTS  GENERAL  EQUATIONS 


^SDM 


where : 


Sf[b  +  £a  -  oYer]  sin  B  +  Fria2  sin2  0  + 

Fxj«a2  cos'"  B  +  F^a '  sin'  B  +  Fx0  a'  cos'  bJ 

=  Rate  of  Servo  Driven  Member  in  rad/sec 

SDM 

=  Bi  as  term  ug 

SF  =  Scale  Factor  rad/sec/g 

Fj,  =  2nd  Order  response  of  acceleration  in  IA 

(A»q/q2) 

k-'YER  -  Vertical  component  of  earth  rate  (ynrnd/see) 


Fx  =  2nd  Order  response  of  acceleration  into 

OA/SA  plane  (cross  axis  effect)  (/ug/g^) 

F^2  &  ^12  =  Higher  order  responses  (ug/q^) 


The  interdependence  of 
identities : 

Fjj^a2  sin2  0 


Fx^  and  Fj^  is  shown  in  the  following 
2 

=  FT.a  1  -  cos  20 
2 


F*1  x 


2  2 

a  ..cos  0  =  Fy 


lax 


1  +  cos  20 


This  opens  up  another  possibility  of  deriving  Fxi  since  in  the 
vibration  position  Fliax2  is  negligible.  Through  wave  analysis, 
the  2nd  Harmonic  can  be  determined  using  a  technique  of  synchronizing 
the  fundamental  whole  angle  strobe  to  the  vibration  frequency 
and  developing  a  sliding  window  technique  to  generate  enough 
whole  angle  data  to  determine  the  harmonics  in  the  SFIR  output. 

This  technique  is  under  consideration  at  present. 

2 .  Current  Analysis  Technique 

The  most  frequently  used  data  analysis  technique  using  the  model 
equation  involves  fitting  a  quadratic  to  the  rate  vs  g  data  and 
evaluating  for  a  good  correlation  coefficient.  A  response  that 
will  show  up  in  2nd  order  effects  along  with  is  rocking  of 

the  SFIR  around  a  horizontal  axis.  Fortunately,  this  chanqes 
sign  with  180°  change  in  orientation,  i.e.,  IAt  to  IA|  .  Simpli¬ 
fying  the  qeneral  equation  out  to  the  2nd  order  shows  this  rela¬ 
tionship  (Fi^  is  negligible  in  the  vibration  cross  axis  orienta¬ 
tion)  .  Figure  14  shows  the  vibration  orientation  and  case 
rocking  motion  of  concern. 


ROCKING  ANGLE 
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'B 
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VIBRATION 


FIGURE  14 

BASIC  VIBRATION  ORIENTATION  WITH  FIXTURE/SLAB  ROCKING  MOTION 
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SF  [b  +  ay  -  ax2  (FXl  -  FRl)" 
SF  [B  "  ay  +  ax2  (Fxl  +  FRl^ 


where:  W  =  SDM  rate  urad/sec  @  n  vibration  frequency 
n 

a  =  Normal  1st  order  acceleration  (lg)  into  IA 

y 

SF  =  Scale  factor  of  SFIR  /irad/sec/g 
ft  =  Bias  (pg) 

ax  =  Cross  axis  acceleration  (g) 

2 

Fx^  =  Cross  axis  coefficient  prad/sec/g 

2 

FRi  =  Rocking  coefficient  prad/sec/g  (instrumentation 
effect) 


Avrt  = 

V  -|5  +  ay] 

SF  +  ax2  (fXi 

-  PR1]  SF 

Awl  = 

Wo*  *|>o  -  ayJ 

SF  +  ax2 

+  FrJ  SF 

Fxi  = 

Awt  +  Aw 

2  a2 

X 

FRl  - 

Awl  -  Aw 

O  ,2 

where : 


WQ  =  0  vibration  rate 

/j  =  zero  Hz  bias  /irad/sec/g 


Figure  15  shows  the  vector  diagram  of  the  above  relationships, 
Figure  16  shows  the  mechanics  of  the  fixture  rocking  and  Fx^. 


I 


Note:  Values  for  term*,  through  i*'n  tre.it  as  t  •  >  ami 
assign  (  * )  tor  I  \4 


FIGURE  15  FIGURE  16 

VECTOR  REPRESENTATION  OF  MECHANICS  OF  ROCKING  MOTION 

SFIR  MODEL  -FXl  DETERMINATION 

Curve  fitting  is  done  for  the  rate  up  where  the  power  series  coef¬ 
ficients  are  determined  out  to  the  2nd  order,  i.e.: 

Wf  =  ,1+  Kxay  +  K2a  x 

Wf  =  K.a  +  Kla2 

1  y  2  x 

where : 

K2  =  FXi  "  FRi 

K2  =  FXl  +  % 

The  above  is  solved  simultaneously  for  Fx..  Another  way  of  pro¬ 
cessing  the  rate  data  which  should  produce  the  same  Fx^  is  to  fit 
a  curve  to  the  Arate  from  IA  t  to  IA  ^  .  This  automatically  drops 
out  the  steady  state  and  rocking  terms  and  leaves  just  the  2nd 
order  component  plus  residuals. 
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The  other  direct  method  of  determining  Fx^  will  be  for  the 
direct  W-f  -  WJ-  and  plot  Fxi  so  that  it  can  be 
extrapolated  to  zero  for  both  conditions  of  (1)  constant  g, 
variable  Hz,  and  (2)  constant  Hz  and  variable  g.  The  new  modi¬ 
fied  test  slab  is  not  expected  to  have  these  sensitivities  but 
only  test  data  will  prove  it. 

V.  TEST  EQUIPMENT  AND  SET-UP 

List  of  Equipment: 

SFIR 

o  1  unit  engineering  test  station  -  initial  set-up 

o  3  unit  test  station  -  hi  accuracy  data 

o  Gould  model  481  recorder,  8  channel 
o  Wang  model  2200  VP  computer  system 

o  SFIR  holding  fixtures 

o  Digital  voltmeter,  model  8375A,  Fluke 
Linear  Vibration  System,  Team  Corp. 

System  Components 

o  Hydrostatic  bearing  table.  Team  Corp.  Model  1528 
o  Hydraulic  power  supply.  Team  Coro.  Model  HPS  140LP 

Control  Console  Components 

o  Power  amplifier  panel.  Team  Corp.  Model  1528 

o  Digital  servo  display  panel.  Team  Corp.  Model  1564 

o  Servo  controller  panel,  Team  Corp.  Model  1522 
o  Control  panel.  Team  Corp.  1510 
o  Oscillator  panel,  Kron-Hite  Model  4025  AR 
o  Oscilloscope  panel,  H-P  Model  122AR 

Accelerometer  Pick-Off 

o  Servo  accelerometer,  Kistler,  Control  Model  305B  - 
horizontal 

o  Thermal  converter,  HP  11049A 

o  MX/SFIR  used  as  instrumentation  accelerometer 

o  Sytron  Donner  -  Vertical 

Noise  Measurement  Test  System 

o  Components  listed  on  Figure  7. 


TEST  PROCEDURES 


VI . 


The  basic  test  sequence  is  summarized  in  this  section.  The  pri¬ 
mary  data  is  SFIR  rate  output  in  either  the  IA  up  (')  or  IA  down 
(  )  positions.  Initially  data  will  be  taken  without  vibration 
as  a  reference, after  which  a  vibration  sequence  will  be  applied. 
Initially  the  rate  output  will  be  recorded  in  tine  interval  units 
but  eventually  whole  angle  readout  will  be  used  for  harmonic 
analysis. 


It  is  important  that  the  data  generation  is  with  a  well  stabilized 
unit  both  thermally  and  dynamically.  A  minimum  of  15  minutes  of 
data  should  be  taken  at  each  g  level.  For  time  interval  data  the 
device  itself  integrates  out  the  noise  and  produces  an  average 
rate  over  about  50  revolutions  of  the  SDM.  For  whole  angle  data 
there  will  be  11,250  to  90,000  data  points,  depending  on  a  strobe  rate 
of  12.5  to  100/sec.  This  high  resolution  will  allow  computer  smooth¬ 
ing  and  wave  analysis. 

The  procedure  beyond  collecting  data  is  not  further  defined  at 
this  point  for  the  operation  is  in  a  highly  developmental  status. 
The  data  processing,  frequency,  q  levels,  test  configuration  will 
be  adjusted  as  the  experiment  continues. 

The  SFIR  test  station  initially  used  in  the  vibration  facility 
was  a  MPMS  one  modi  Lied  to  MX  design.  This  was  considered  ade¬ 
quate  for  set-up  and  scoping  the  problems.  The  precision  data 
will  be  taken  with  the  new  3  Unit  SFIR  Test  Station  ( 3USTS) ,  which 
is  capable  of  multiple  unit  testing.  It  has  whole  angle  readout 

capability  along  with  other 
features  which  are  the  same 
as  the  system,  i.e.,  straw- 
man  servo,  and  resolver  pro¬ 
cessor.  This  station  is 
shown  in  Figure  17. 

It  is  planned  to  use  this 
station  to  run  2  SFIRs  simul¬ 
taneously  recording  the  high 
resolution  whole  angle  out¬ 
puts.  One  SFIR  will  be  the 
specimen  and  the  other  will 
record  the  input  acceleration. 
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FIGURE  17 

3USTS  TEST  STATION 
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VII.  PROBLEMS 


The  measured  rocking  resonant  modes  were  the  major  problems  in 
the  first  series  of  tests.  Due  to  the  large  amplitudes,  they 
produced  the  classical  problem  in  analysis  of  trying  to  take  a 
difference  between  two  large  numbers  to  produce  a  small  reliable 
remainder.  There  were  also  vertical  displacements  along  the 
IA  but  these  did  not  influence  the  data  except  for  exciting 
a  negligible  amount.  The  rocking  modes  peaked  up  all  through 
the  5-20  Hz  range  and  this  was  traced  to  the  uneven  interface 
of  the  slab  to  the  sub-floor.  Calculations  were  made  to  design 
a  different  suspension  system.  A  massive  steel  bracket  support 
system  was  designed  which  calculated  to  put  the  resonance  be¬ 
yond  50  Hz.  Figure  18  shows  an  outline  drawing  of  the  test  slab 
configuration  with  the  bracket  modification  and  Figure  19  is  a 
photograph  of  the  actual  installation  of  the  brackets. 


FIGURE  18  FIGURE  19 

MODIFIED  SLAB  BRACKET  SUSPENSION 

CONFIGURATION  DESIGN  ON  VIBRATION  SLAB 


The  slab  was  originally  supported  on  air  cylinders  and  these 
were  activated  to  raise  the  slab.  After  installation  of  the  8 
large  iron  brackets,  the  pressure  was  removed,  leaving  a  6-inch 
air  gap  to  the  floor.  The  brackets  will  act  as  very  stiff  mem¬ 
bers  putting  the  response  of  the  slab  beyond  the  1-20  Hz  fre¬ 
quency  of  concern  in  this  test.  The  technique  is  acceptable  since 
only  short  term  slab  stability  is  important. 
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There  was  concern  for  rocking  within  the  vibrator  bearing  gap 
and  the  holding  fixture  itself  so  a  modification  was  made  to  the 
fixture  to  add  wings  to  put  weight  below  the  vibrator  bearing 
center  line,  which  was  calculated  to  put  the  fixture  C.G. 
along  the  center  line  (reference  Figure  6 ) .  Experience  shows 
that  this  did  not  significantly  improve  the  rocking  phenomenon 
which  was  mostly  due  to  slab  mounting.  The  rationale,  however, 
for  getting  the  fixture  C.G.  along  the  center  line  is  a  good 
idea . 

Determining  the  test  slab  and  fixturing  responses  was  a  problem 
until  the  rental  of  the  HP  spectrum  analyzer  #3582A  which  is  a 
powerful  tool  for  evaluating  dynamic  phenomenon.  This  instru¬ 
ment  allowed  the  determination  of  coherent  functions  between 
the  Kilser  driving  accelerometer  and  the  Systron  Donner  used  for 
a  pick-up  sensor  in  the  vertical  axis.  Other  crystal  accelero¬ 
meters  that  were  calibrated  against  vibration  pick-off  standards 
were  used  to  sort  the  difference  between  the  rocking  and  trans¬ 
lational  motions.  The  analyzer  is  now  being  used  in  the  develop¬ 
ment  of  the  noise  measurement  system,  which  will  make  the  next 
slab  evaluation  very  automatic  and  easier  to  evaluate. 

The  cables  whipping  around  under  high  "g"  were  a  concern  because 
of  the  SFIR  connector  bracket  putting  torques  on  the  SFIR  hous¬ 
ing.  Changes  were  made  for  transferring  this  loading  to  the 
mounting  plate.  The  real  solution  will  lie  with  plans  to  go  to 
slip  contacts  and  avoid  all  the  problems  with  fixed  cabling. 

Since  the  machine  produces  such  large  forces,  putting  a  heavy  pre¬ 
load  for  continuous  continuity  will  be  no  problem. 


VIII.  CURRENT  PLANS 

1.  Finish  the  modification  to  the  present  test  base  slab  and 
run  a  slab  dynamic  evaluation  test.  The  basic  objective 
is  to  get  the  resonant  rocking  modes  beyond  the  1-20  Hz 
test  program  frequency  operation  range. 

2.  Test  several  SFIRs  during  August  1979  and  evaluate  the  re¬ 
sults  in  all  the  ways  previously  mentioned.  Run  correla¬ 
tion  tests  between  input  harmonics  and  SFIR  output  responses 
and  remove  from  the  output  the  cos20  contribution  from  the 
input. 

3.  Compare  Fx^  vibration  derived  coefficient  from  those  obtained 
from  precision  step  tumbling  tests  now  in  progress  in 
Honeywell's  automatic  computer  controlled  dividing  head. 

The  quality  of  the  tumbling  data  looks  good.  Although  the 
potential  accuracy  of  the  linear  vibration  technique  is 
greater  than  tumbling,  at  this  point  in  the  development 
cycle,  it  would  be  significant  for  a  favorable  comparison. 

The  coefficients  will  also  be  compared  to  an  analytical  cal¬ 
culation  based  on  measured  SDM  bearing  compliances. 


All  of  the  above  items  will  be  reported  on  during  the  pre¬ 
sentation  at  the  9th  Biennial  Symposium  in  a  classified 


session . 


IX.  FUTURE  PLANS 

1.  The  vibration  facility  will  be  moved  to  another  building 
in  two  months  so  that  the  experiments  and  modification  to 
the  present  slab  will  be  reflected  in  a  new  design  that  is 
expected  to  be  stable  enough  to  get  more  precise  Fx^  data. 

The  basic  objective  will  be  the  same,  to  get  the  dynamic 
responses  significantly  above  20  Hz.  This  could  involve 

I  beams  incased  in  the  concrete  tieing  the  suspension  angle 
brackets  to  the  slab,  jacks  tieing  the  slab  top  to  the 
factory  floor,  thick  retaining  walls,  and  perhaps,  a  hollow 
stiff  slab  construction. 

2.  Design  a  saddle  fixture  to  put  the  C.G.  of  a  2  SFIR  (IA  up 
and  IA  horizontal)  fixture  right  along  the  center  line  of 
the  vibrator  bearing.  The  vertical  mount  will  be  designed 

to  be  rotatable  without  opening  the  SFIR  servo  loop  and  still 
keeping  the  same  C.G.  The  horizontal  SFIR  will  be  used  to 
very  accurately  determine  the  input  acceleration  and  the 
whole  angle  will  be  processed  to  determine  the  harmonics  in 

the  waveform.  Using  the 
&  ^  SFIR  as  a  facility  accele- 

rometer  is  many  times  more 
accurate  than  any  other  vibra¬ 
tion  detector.  A  simplified 
^T~  _  ~t  drawing  of  this  fixture  is 

Pi  1  in  Figure  20. 


FIGURE  20.  SADDLE  FIXTURE 


3.  Complete  the  slip  contacts 
design  to  eliminate  cable 
whip  disturbances  getting  to 
the  test  specimens. 


4.  The  Fxi  test  will  eventually  be  considered  for  inclusion  in 
the  ATP  to  replace  the  Fi^  test.  The  whole  Fi.  test  proce¬ 
dure  is  under  extensive  study  as  to  its  validity  and  could  be 
in  trouble  to  define  the  parameter  to  system  requirements. 

If  Fx^  testing  is  perfected  as  planned,  the  Fi.  measurement 
concerns  loses  its  significance  since  only  one  of  the  para¬ 
meters  need  be  known  from  factory  calibration. 
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SUMMARY 

A  tetrad  configured  strapdown  inertial  system,  which  has  a  minimum 
of  redundancy,  can  provide  a  fail-operate  redundancy  for  increased 
reliability  if  a  sensor  failure  can  be  detected  and  identified.  A  failure 
detection  and  two  failure  identification  algorithms  previously  tested 
using  wheel  gyro  tetrad  test  data  are  evaluated  using  test  data  from  a 
laser  gyro  tetrad  inertial  system  flown  on  a  UH-1H  helicopter  and  tested 
on  a  real  time  3-axis  motion  simulator  facility.  The  performance  of 
the  algoritluns  for  step  failures  when  the  tetrad  is  subjected  to 
extraneous  oscillatory  motion  is  presented. 
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INTRODUCTION 


Multiple  redundant  navigation  units  are  provided  in  many  current 
commercial  and  military  aircraft  in  an  effort  to  increase  the  overall 
reliability,  which  of  course  increase's  the  overall  system  costs.  In 
reference  1,  it  is  shown  that  for  a  laser  gyro  strapdown  system,  where 
individual  components,  e.g.,  gyros,  accelerometers,  are  replicated  rather 
than  replicating  complete  navigation  systems,  it  was  possible  to  decrease 
the  cost  while  maintaining  a  high  level  of  reliability.  The  lowest  cost 
can  be  achieved  by  using  a  redundant  strapdown  system  with  the  least 
number  of  operating  components.  A  number  of  research  investigations  have 
been  conducted  on  redundancy  management  techniques  that  will  minimize 
the  number  of  sensors  required  for  a  given  level  of  reliability.  In  ref¬ 
erence  2,  redundancy  management  techniques  were  analyzed  for  4  (tetrad), 

5  (pentad),  and  6  (hexad)  sensor  strapdown  systems.  These  results  indi¬ 
cated  that  fail-operate  performance  (i.e.,  continuing  to  operate  with  no 
loss  in  performance  after  a  gyro  failure)  was  possible  as  long  as  five  or 
more  sensors  were  still  functional.  However,  with  four  sensors  functional, 
only  a  fail-safe  capability  was  available  because  the  failed  sensor  could 
not  be  identified  although  it  could  be  detected.  The  tetrad  redundancy 
management  problem  was  specifically  addressed  in  reference  3.  In  that 
study,  a  failure  detection  and  two  failure  identification  algorithms  were 
developed.  As  a  first  step  in  this  evaluation,  the  algorithms  were  tested 
using  laboratory  data  taken  from  single  degree  of  freedom  wheel  gyros 
in  a  strapdown  tetrad  configuration  that  had  step  failures  imposed  on  it. 
The  results,  though  encouraging,  were  limited  by  the  performance  of  the 
obsolescent  gyros  used  in  the  tests.  The  second  step,  and  the  objective 
of  this  study  was  the  evaluation  of  the  detection  a..d  failure  identifica¬ 
tion  algorithms  presented  in  reference  3  using  step  failures  with  data 
measured  from  a  laser  gyro  tetrad  system. 

The  ring  laser  gyro  tetrad  system  was  of  the  ortho-skew  type  (see 
figure  1)  where  one  sensor  is  skewed  with  respect  to  the  three  ortho¬ 
gonal  sensors,  forming  equal  angles  (about  54.735  degrees)  with  each 
of  the  orthogonal  sensor's  axes.  The  experimental  evaluation  was  limited 
to  step-type  uncompensated  bias  shifts  (step-failures).  The  ability  of 
the  algorithms  to  detect  and  identify  sensors  which  have  undergone  a  step 
failure  is  a  neccessary,  but  not  sufficient,  condition  for  their  applica¬ 
tion  to  aircraft  guidance  and  navigation  systems.  The  performance  of  the 
algorithms  was  evaluated  using  tetrad  sensor  data  recorded  during  straight 
and  curved  flight  paths  of  a  UH-1H  research  helicopter  and  sensor  data 
recorded  one  and  two  axis  sinusoidal  motion  induced  by  a  three-axis 
motion  simulator.  The  failure  detection  and  identification  results 
presented  in  this  paper  are  restricted  to  gyro  failures.  Accelerometer 
failure  detection  and  identification  is  entirely  analogous  to  that 
for  gyros. 
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TETRAD  FAILURE  DETECTION  AND  SENSOR  IDENTIFICATION  ALGORITHMS 


The  failure  detection  and  identification  algorithms  for  the  tetrad 
strap-down  inertial  sensor  system  must  detect  that  a  sensor  failure  has  oc¬ 
curred,  identify  it  without  error,  and  remove  it  from  the  computational 
stream.  In  the  ortho-skew  configuration,  the  output  of  any  one  sensor 
can  be  formulated  as  a  linear  combination  of  the  outputs  of  the  other 
three  sensors.  This  relationship  Is  called  parity.  Since  normal  instru¬ 
ment  errors  and  output  quantization  cause  this  relationship  to  be  imper¬ 
fect,  a  parity  residual  is  defined,  (see  Appendix  A  for  this  development) 
which  takes  on  a  small  range  of  values  during  normal  operation.  A  failure 
is  indicated  when  the  parity  residual  exceeds  its  normal  range. 

Figure  2  illustrates  the  failure  detection  procedure.  Time  is  defined  in 
digital  data  frames  where  each  data  frame  A  is  1/40  of  a  second.  The  output 
measurement  of  each  instrument  is  observed  as  counts  where  each  count  has 
the  value  q,  which  is  the  gyro  quantization.  In  this  paper,  q  is  1.57 
arc-seconds  and  every  measurement  readout  is  in  an  integer  number  of  counts. 
A  nondestructive  readout  is  used  so  that  any  remaining  fraction  of  a  count 
is  not  lost  but  is  added  into  the  counts  for  the  next  time  interval. 

Prior  to  the  failure,  figure  2a,  the  parity  residual  is  computed  for  each 
set  of  four  sensor  measurements  and  is  summed  over  a  moving  window  (defined 
as  the  parity* sum)  consisting  of  a  selected  number  of  data  frames  (t  )  for 
comparison  with  t(ie  parity  residual  detection  threshold.  The  effect  on  the 
parity  sum  of  a  step  change  as  might  result  from  a  sensor  failure  is 
shown  in  figure  2b.  The  parity  residual  sum  Increases  in  magnitude  as  a 
result  of  the  step-change  failure,  then  levels  out  because  the  parity  res¬ 
idual  is  summed  over  only  the  most  recent  r.  data  frames.  If  the  failure 
is  severe  enough  to  cause  the  parity  residual  sum  to  exceed  the  detection 
threshold,  the  detection  logic  indicates  a  failure  to  the  system. 

Two  failed  sensor  identification  algorithms  were  investigated,  each  using 
prediction  In  its  computation.  These  algorithms,  called  the  psuedo  sensor 
(PS)  algorithm  and  the  constrained  fit  (CF)  algorithm  are  complementary. 

The  PS  algorithm  predicts  what  a' fifth  (or  pseudo)  sensor's  output  would 
be,  based  on  the  recent  past  values  ol  all  four  real  sensors.  The  CF 
algorithm  predicts  a  sensor's  output  based  on  recent  past  values,  but 
constrained  to  the  other  three  sensor's  output  by  a  parity  residual  condi¬ 
tion  placed  on  the  coefficients  used  for  fitting  a  predictive  curve 
through  the  recent  past  values  of  the  sensor's  output. 

The  pseudo  sensor  failed  sensor  identification  strategy  is  shown  In  figure 
l.  Prior  t o  failure,  the  pseudo  sensor's  output  is  computed  from  the 
output  of  the  four  real  sensors.  After  a  failure  is  detected,  stored  past 
values  ot  the  pseudo-sensor's  output  are  used  in  a  least  squares  fit  to 
predict  its  future  value.  This  Is  accomplished  over  the  fit  interval  t^.. 

The  failure  Identification  interval  is  Vj,  and  the  situation  shown  In 
figure  3  is  for  a  failure  of  sensor  No.  3,  one  of  the  orthogonal  sensors. 
Using  the  four  real  sensors  plus  the  pseudo  sensor,  four  parity  residuals 
are  summed  across  the  isolation  interval  i^.  The  failure  causes  three  of 


these  sums,  those  including  the  failed  sensor,  to  diverge  more  drama¬ 
tically  from  zero  than  the  sum  which  does  not  contain  the  failed  sensor 
(sensor  3  in  the  example  in  figure  3).  The  magnitude  of  the  smallest 
sum  identifies  the  failed  sensor. 

The  constrained  fit  failed  sensor  identification  strategy  is  shown  in 
figure  A.  The  constrained  fit  concept  is  based  on  the  premise  that  the 
difference  between  a  sensor's  observed  and  predicted  measurements  will 
be  greater  for  the  failed  sensor  than  for  any  of  the  unfalled  sensors 
in  the  isolation  period  x,.  The  four  measurement  residual  sums  are  shorn 
as  functions  of  time  in  figure  A  for  an  assumed  failure  of  sensor  No.  3. 

All  sums  diverge  from  zero  as  the  result  of  prediction  errors,  but  the 
sum  for  the  sensor  3  diverges  more  rapidly  from  zero  because  it  has  failed. 

The  effects  of  sinusoidal  frequency,  type  of  motion,  and  step  failure  level 
on  the  parity  residual  when  used  for  initial  failure  detection  are  evalu¬ 
ated  and  presented.  In  addition,  the  ability  of  the  CF  and  PS  algorithms 
to  identify  faulted  sensors  is  evaluated  with  respect  to  frequency  of 
motion  and  step  failure  level. 


EVALUATION  OF  TETRAD  ALGORITHMS  FOR  FAILURE 
DETECTION  AND  IDENTIFICATION 


Laser  Gyro  Sensor  Teat  Environment 

As  noted  previously,  the  failure  detection  and  identification 
algorithms  were  tested  using  prerecorded  experimental  data.  These  data 
samples  were  generated  on  a  3-axis  motion  simulator  and  during  the  flight 
test  of  The  Laser  Gyro  Tetrad  INS  in  the  UH-1H  research  aircraft.  Data  was 
recorded  at  approximately  40  Hz.  See  Appendix  B  for  a  description  of 
experimental  facilities.  The  step  size  introduced  for  a  simulated  failure 
varied  between  10  counts  (1.57  arcseconds/count)  and  1000  counts.  Four 
different  test  data  prerecorded  samples  were  used.  Three  samples  included 
(1)  stationary  (constant  attitude,  no  local  acceleration),  (2)  single  axis 
0.1  Hz,  (which  appears  as  a  limping  input  for  the  test  case  selected),  and 
(3)  two  axes,  2  Hz,  sinusoidal  motion  on  the  pitch/roll  orthogonal  axes. 

The  fourth  sample  consisted  of  UH-1H  helicopter  flight  test  data  which 
exhibited  harmonic  vibrations,  at  twice  the  rotor  speed,  centered  at 
about  10,5  Hz  on  all  axes. 

Prediction  of  Sensor  Output  In  Identification  Interval 

As  previously  noted  in  this  report,  failure  identification  was 
based  on  either  the  constrained  fit  algorithm  or  prediction  of  the  output 
of  a  fifth  sensor  which  is  accomplished  by  the  pseudo  sensor  algorithm. 
Because  of  aircraft  motion  the  predictions  always  contain  errors.  These 
unavoidable  errors  can  lead  to  erroneous  predictions  from  the  constrained 
fit  or  the  pseudo  sensor  algorithms  in  the  identification  interval.  The 
prediction  errors  can  be  expected  to  increase  with  increasing  lengths  of 
identification  interval  and  higher  harmonic  frequency  components  of  the 
aircraft  motion. 

Table  1,  which  utilizes  a  "least  squares  error"  fit  algorithm, 
presents  the  worst  case  RMS  prediction  error  for  various  identification 
intervals  in  frame  lengths  and  for  data  samples  from  each  of  the  four 
test  environments.  Table  1  prediction  error  data  applies  to  the  pseudo 
sensor  and  constrained  fit  algorithms  and  is  presented  as  a  function  of 
the  frequency  of  motion,  fit  interval,  and  identification  interval  for 
both  the  linear  and  parabolic  fit  orders.  Each  count  represents  an 
attitude  change  of  1.57  arc-sec,  in  1/40  of  a  second  or  an  equivalent 
angular  rate  of  64°/hr,  When  the  prediction  error  exceeds  30  counts  it 
is  defined  as  a  false  alarm.  The  stationary  case  has  the  least  error. 

The  prediction  error  increases  with  increases  in  the  identification 
interval  and  as  the  frequency  of  motion  increases.  For  example,  for  the 
flight  test  case,  a  false  alarm  may  occur  for  identification  interval 
lengths  of  one  frame  or  greater  for  either  fit  order. 

The  data  from  Table  1  is  plotted  in  Figure  5  for  a  4  frame  fit 
interval  and  a  3  frame  identification  interval  as  a  function  of  frequency. 
It  illustrates  the  rapid  divergence  of  the  prediction  error  for 
increasing  frequency  of  motion  and  suggests  that  false  alarms  would  occur 
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for  frequencies  greater  than  about  0.30  Hz  for  the  linear  fit  case  and 
about  0.i5  Hz  for  the  parabolic  fit  case. 

Failure  Detection 

A  failure  condition  is  indicated  when  the  sum  of  the  parity  residuals 
equals  or  exceeds  the  threshold  (see  Appendix  A,  equation  10).  For 
example,  if  the  detection  threshold  was  set  at  5  counts  then  a  step 
failure  of  2  counts  in  the  skew  sensor  would  cause  a  failure  indication 
in  three  data  frames  because  the  moving  window  sum  would  be  6  counts 
(which  exceeds  5  counts  by  one).  This  detection  threshold  must  be  high 
enough  to  exclude  "false  alarms"  yet  low  enough  to  trigger  on  small  but 
significant  failures.  For  the  algorithms  used  in  this  study,  much  smaller 
failures  can  be  detected  than  it  is  possible  to  isolate.  The  performance 
of  the  failure  detection  algorithm  is  shown  in  Tables  2  and  3  for  the 
four  different  motion  environments  already  described  for  Table  1.  Table 

2  presents  the  number  of  data  frames  which  were  required  to  detect  various 
step-failure  levels  in  an  orthogonal  gyro  (the  roll  gyro)  with  a  l/'/T 
coefficient  in  the  parity  equation  when  a  step  failure  is  introduced 
sequentially  at  each  of  80  data  frames.  Table  3  presents  the  same  data 
for  a  skew  gyro,  which  has  a  unit  coefficient  in  the  parity  equation. 

The  RMS  parity  residual  noise  in  the  four  motion  environments  ranged  up 
to  2.0  counts  per  data  frame,  A  random  count  will  add  or  subtract  to  the 
ramping  input  of  the  detection  algorithm  causing  longer  and  shorter 
detection  times.  False  alarms  are  clearly  Indicated  in  the  flight  data 
(,v10.  5  Hz)  by  the  presence  of  "detected"  faults  in  frame  1  for  a  step 
level  of  10  counts.  A  comparison  of  the  results  presented  in  Tables  2  and 

3  show  the  detection  algorithm  is  more  sensitive  to  a  failure  in  the  skew 
gyro  than  an  orthogonal  gyro.  The  increased  sensitivity  is  due  to  the 
skew  gyro's  unit  coefficient  in  the  parity  equation. 

Pseudo  Sensor  Identification  Algorithm 

The  pseudo  sensor  identification  algorithm  was  evaluated  in  a 
stationary,  0.1  Hz,  2  Hz,  and  UH-1H  flight  test  (~10.5  Hz)  motion 
environment.  Step  failures  ranging  from  10  counts  to  1000  counts  at 
80  sequential  times  (maximum  allowed  by  computer  processing)  in  each 
sensor  for  each  motion  environment  were  inserted  in  the  recorded  data. 

This  represents  320  test  cases  for  the  fit  type,  fit  interval,  motion 
frequencies  and  step  levels  considered.  The  results  of  successful 
faulted  sensor  identifications  using  linear  and  parabolic  fits  are  shown 
in  table  4  for  the  pseudo  sensor  algorithm  with  5  and  7  points  in  the 
fit  Interval  as  a  function  of  step  failure  level.  The  stationary  case 
and  the  0.1  Hz  case  show  the  best  results  using  a  linear  fit  and  a  7  point 
fit  interval.  The  parabolic  fit,  table  4,  6hows  that  success  increases 
with  increasing  step  failure  levels. 

Figure  6  plots  the  pseudo  sensor  identification  error  as  a  function 
of  frequency  using  linear  fit  versus  step  failure  level  in  counts  for  5 
points  in  the  fit  interval.  Figure  7  shows  the  error  using  a  parabolic 


fit  as  a  function  of  motion  frequency.  Clearly  the  data  In  both  figures 
Illustrate  that  the  pseudo  sensor  algoritlun  performance  decreases  with 
increasing  frequency  for  both  linear  and  parabolic  fits.  Comparison 
between  linear  and  parabolic  fit  pseudo  sensor  errors  shows  better 
linear  fit  performance  for  the  stationary ,0. 1  Hz,  and  10.5  Hz  test 
frequencies.  Parabolic  fit  results  are  more  favorable  at  2  Hz.  The 
low  relative  success  rate  at  these  higher  frequencies  (2Hz  and ‘'<’10.5  Hz) 
is  directly  related  to  the  occurrence  of  the  prediction  errors  illustrated 
in  table  1,  which  shows  increasing  errors  with  increasing  frequency. 

The  UH-1H  flight  test  data  showed  the  lowest  success  rate.  It  combined 
stationary,  ramping,  and  approximately  10.5  Hz  non-random  oscillatory 
motion  in  three  axes.  The  parabolic  fit  can  be  improved  for  the 
stationary  and  0.1  Hz  frequency  case  by  using  more  points  in  the  fit 
interval.  The  apparent  anomaly  (table  4)  of  slightly  more  success  at 
2  Hz  for  the  parabolic  fit  than  the  linear  fit  is  explained  by  the 
parabolic  prediction  error  being  small  for  parabolic  like  motion  (  2  Hz 
slnewaves)  but  large  for  ramp  like  motion  (0.1  Hz  or  less). 

Constrained  Fit  Identification  Algorithm 

The  constrained  fit  algoritlun  was  also  evaluated  in  a  stationary, 

0.1  Hz,  2Hz,  and  UH-1H  flight  test  (~10.5  Hz)motion  environment  in  a 
manner  identical  to  the  pseudo  sensor  algorithm,  and  the  results  of 
successful  identifications  using  linear  and  parabolic  fits  for  the  con¬ 
strained  fit  algoritlun  are  presented  in  table  5.  Figure  8  plots  the 
constrained  fit  error  as  a  function  of  frequency,  with  5  points  in  the 
fit  Interval,  using  a  linear  fit  versus  step  failure  level  in  counts. 

Figure  9  plots  the  error  for  a  parabolic  fit  as  a  function  of  frequency. 
Comparison  of  the  identification  error  data  of  figure  8  and  figure  9 
shows  that  the  linear  fit  is  better  than  the  parabolic  fit  for  the 
stationary,  0.1  Hz,  and  10.5  Hz  motion  environment  but  the  parabolic  fit 
is  better  at  2  Hz,  and  table  5  shows  that  it  can  be  improved  with  more 
points  in  the  fit  interval.  The  results  show  less  error  for  the  stationary 
and  0.1  Hz  case  but  suggest  the  occurrence  of  excessive  errors  for  motion 
of  2  Hz  or  10.5  Hz,  These  results  also  correlate  with  the  prediction 
error  data  in  table  1,  Table  5  shows  that  the  parabolic  fit  is  more 
successful  than  the  linear  fit  at  2  Hz  but  less  successful  at  the  other 
motion  environments.  This  apparent  anomaly  is  again  explained  by  the 
parabolic  prediction  error  being  smaller  for  parabolic  like  motions 
(2  Hz  sine  waves)  but  larger  for  ramp-like  motions  (0.1  Hz  or  less). 

Comparison  of  Parabolic  and  Linear  Fits 

The  linear  fit  appears  to  be  the  best  choice  for  either  the  pseudo 
sensor  or  constrained  fit  algorithm.  Table  1  clearly  shows  much  smaller 
prediction  errors  for  the  linear  fit  in  a  flight  test  environment.  The 
flight  test  motion  used  in  this  study  was  better  approximated  by  a  series 
of  ramp  like  motions  than  sinusoidal  motions,  and  a  linear  fit  has  a 
much  smaller  prediction  error  for  ramp  like  motions  than  a  parabolic 
fit.  The  10.5  Hz  non-random  oscillatory  motion  from  the  rotor  blade  is 
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not  sinusoidal  and  causes  both  fit  types  to  produce  larger  errors  with¬ 
out  predilection  for  either  fit  type. 

Effects  of  Sensor  Resolution  on  Identification  Algorithm  Success 


A  comparison  was  made  between  the  success  of  the  identification 
algorithms  when  applied  to  laser  gyro  data  and  the  success  achieved  on 
wheel  gyro  data  (reference  3).  Figure  10  shows  the  results  of  this 
comparison.  A  952  success  rate  was  achieved  for  the  wheel  gyro  at  failure 
levels  of  about  2500  /hr.  A  95%  success  level  was  achieved  for  the  laser 
gyro  on  0.1  Hz  motion  (the  environment  studied  in  reference  3)  at  failure 
levels  of  about  1250  /hr.  The  comparison  should  not  be  viewed  as  strictly 
quantitative  because  of  differences  in  sampling  rates  between  the  two 
inertial  sensor  systems  and  differences  in  test  conditions.  The  results 
indicate  that  with  the  finer  resolution  of  the  laser  gyros,  the  minimum 
step  failure  level  at  which  a  faulted  sensor  can  be  identified  can  he 
reduced  by  a  factor  of  about  two. 


CONCLUDING  REMARKS 

The  experimental  evaluation  of  the  failure  detection  algorithms 
showed  a  capability  to  detect  all  sensor  step  failures  greater  than  100 
counts  (approximately  1,78  /second)  within  two  data  frames  (approximately 
50  ms)  in  the  identification  interval  for  all  test  conditions.  As  a 
point  of  reference,  the  values  used  for  the  failure  detection  threshold 
in  commercial  aircraft  redundant  sensor  systems  range  from  about  30  counts 
to  90  counts. 

Both  the  constrained  fit  and  the  psuedo  sensor  "failed  sensor" 
identification  algorithm  performances  deteriorate  with  increasing 
frequency  and  decreasing  step  level.  The  performance  deterioration  was 
pronounced  for  the  data  from  the  UH-1H  helicopter  environment  which  has 
a  two-per-revolution  rotor  blade  non-random  vibration  of  approximately 
10.5  Hz.  Using  the  preceding  threshold  criteria  for  failure  identification, 
the  performances  of  both  of  the  failed  sensor  identification  algorithms 
need  to  be  improved  for  the  helicopter  environment. 
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APPENDIX  A 


TETRAD  FAILURE  DETECTION  AND  SENSOR  IDENTIFICATION  ALGORITHMS  DEVELOPMENT 


Symbol  and  Variable  Conventions 


The  tetrad  reference  frame  is  orthonormal  and  corresponds  to 
the  edges  of  the  box  containing  the  tetrad  instrument  package.  The 
orthogonal  sensor's  input  axes  are  (neglecting  misalignments)  parallel 
to  the  axes  of  the  tetrad  reference  frame.  The  transformation  of  coordin¬ 
ates  to  the  tetrad  frame  from  the  current  body  reference  frame,  in  which 
the  tetrad  instrument  package  is  mounted,  will  be  denoted  ^T  . 

Let  u  represent  a  unit  vector  along  the  input  axis  of  the  itb 
sensor.  This  vector  will  be  denoted  u  when  it  is  gxpressed  in  tetrad 
frame  components  and  u^  in  the  body  rrame  (  u^  =  ,T  u  ) .  The  tetrad 
frame  components  of  tfterour  sensor  axes  arebdenotgd  fey^the  3  X  A  matrix, 

U. 


(tUl 


tU2 


tU3 


tV  - 


1 

0 

0 


cos  n 
cos  o 
cos  h 


(1) 


The  right-most  terms  are  true  for  the  ortho-skew  configuration.  The 
angle  n  is  the  angle  between  the  skewed  sensor's  (sensor  No.  4)  input  axis 
and  the  axes  of  each  of  the  orthogonal  sensors.  The  body-frame  components 
of  the  four  sensor  axes  are: 


U 


(bUl 


bU2 


bU3 


bU4) 


(2) 


The  sensing-axis  unit  vectors  can  be  written  as  a  linear  combination 
of  the  other  three.  In  particular. 


aui  +  6^2  +  y^3 


(3) 


Measurement  Model 


The  sensors  used  In  this  paper  are  of  the  integrating  type  so  that 
the  output  measurement  is  the  integral  of  the  sensed  input  over  the 
sampling  time  interval,  A  . 

A  gyro,  whose  sensing  axis  is  u  ,  senses  the  component  of  the  angular 
velocity  ft  which  lies  along  u^.  More  generally,  the  gyro's  measured 
output  is  a  scaled  version  of  u^ft  which  includes  bias,  quantization, 
and  other  effects.  The  gyro  measurement  model  adopted  for  this  paper  is 


t 

A0t(t)  -  {  /  (b.  +  SB  )  dr  +  q.  +  i.  } 
1  t-A  11  1  i 


(A) 


In  these  equations  the  notation  "{  }  "  means  "integer  part  of,"  b  is 
bias,  S  is  the  laser  gyro's  scale  factor  and  compensation  vector,  q  iis 
a  quantization  error,  and  r^  is  random  error.  The  quantities  b  and  S 
are  estimated  for  each  sensor  from  their  calibration  data.  The^four  gyro 
outputs  are  then  used  to  compute  an  estimate  ft  .  The  generic  notation  used 
in  this  paper,  where  m^  is  the  estimated  output  of  the  i  sensor  for 
phenomenological  input  vector  p. 


The  equation 

mt  =  uf  ;  pdT  (5) 

illustrates,  approximately,  the  relationship  between  the  input  (p)  and 
sensor's  output  (m^). 


Transformation  to  Orthogonal  Triad  Reference  Coordinates 

For  aircraft  sensor  measurements  to  be  useful  in  aircraft  guidance 
and  navigation,  they  must  first  be  transformed  from  the  tetrad  reference 
frame  into  equivalent  orthogonal  triad  components  relative  to  the  aircraft 
body  reference  frame. 

A  least-squares  procedure  is  used  in  the  transformation.  See  reference 
3  for  this  procedure. 


Failure  Detection  by  Parity  Residual  Sum  Divergence 


A  relationship  exists  for  any  tetrad  configuration  that  relates 
the  measurements  from  the  four  like  sensors: 

m4  “  Uml  +  Bm2  +  Ymj  (6) 


Equation  (6),  which  follows  from  equations  (3)  and  (5),  states  that  the 
output  of  any  sensor  can  be  formulated  as  a  linear  combination  of  the  out¬ 
puts  of  the  other  three  sensors.  This  relationship  is  called  parity.  The 
coefficients  a  ,  £  »  T  are  called  parity  coefficients.  They  can  be 
determined  from  the  tetrad's  geometrical  configuration.  For  the  ortho-skew 
configuration. 


a  «  6  *  y  =  cosn 


1/  sir 


(7) 


More  generally. 


Equation  (6)  never  strictly  holds  in  practice,  hence  a  tetrad  parity 
residual,  e  ^  is  defined  as  follows: 


c 


5 


m,  -  a  m,  -tint.  -  Y  m_ 
4  12  3 


(9) 


Thus,  e  is  the  difference  between  the  observed  m  and  the  m  computed 
in  equation  (6).  For  a  perfect  system,  e  would  always  be  zerd  in  the 
absence  of  failures.  Normal  instrument  errors  and  output  quantization  cause 
the  parity  residual  to  take  on  a  small  range  of  values  in  normal  operation. 
When  a  failure  occurs,  the  parity  residual  exceeds  its  normal  range.  Thus, 
single  failures  can  be  detected  by  monitoring  e  ..  In  this  study,  the 
parity  residual  is  summed  over  a  specified  number  of  sequential  data  frames 
in  order  to  detect  small  but  persistent  failures.  These  sequential  data 
frames  are  collectively  called  "accumulation  interval  for  detection"  or 
"detection  window"  and  denoted  by  x ^ .  The  detection  threshold  d  is  the 
tolerance  on  the  parity  sum.  A  failure  is  indicated  when  the  magnitude  of 
the  parity  sum  exceeds  the  detection  threshold  as  shown  in  (10)  , 


Failure  condition: 


(10) 


culation  based  on  measured  SDM  bearinq  compliances 
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Pseudo  sensor  Algorithm  -  If  a  fifth  sensor  of  each  type  were  available 
(i.e.,  a  pentad  configuration)  each  of  five  parity  residual  equations  could 
combine  the  measurements  of  four  sensors  and  exclude  one  sensor.  Thus, 
extra  parity  residual  equations  would  be  used  to  identify  the  faulty  sensor. 
If  e,  is  the  parity  residual  excluding  m^,  the  parity  residual  equations 
woula  be  of  the  form: 
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In  the  pseudo  sensor  algorithm  a  predicted  fifth  sensor  with 
output,  m  ,  is  used  in  the  first  four  pentad  parity  residual  equations  to 
identify  the  failed  sensor.  Correct  identification  is  limited  by  the 
ability  to  predict  m  .  The  fifth  parity  residual  (  e5  )  is  used  only 
for  detection.  The  equation  fores  excludes  m  and  may  be  recognized  as 
the  tetrad  parity  residual  defined  earlier  in  equation  (9).  Pentad  (five- 
sensor)  failure  identification  utilizes  the  five  parity  residuals, 

If  sensor  i  fails,  e  will  be  smaller  than  any  of  the  other  parity 
residuals  because  m  ,  the  measurement  which  is  in  error  due  to  the  failure, 
enters  each  of  the  pentad  parity  residual  equations  except  the  equation  for 
E  j.  Sensor  i  is  thus  identified  as  the  failed  sensor. 

In  the  best  orientation,  tne  pseudo  sensor's  axis  is  skew  to 
any  tetrad  axis  or  to  the  plane  of  any  two  tetrad  axes. 

In  the  absence  of  failures  (i.e.,  prior  to  failure  detection  in 
the  tetrad  configuration),  the  pseudo  sensor's  output,  m^,  may  be  computed 
from  the  measurements  of  the  four  real  sensors: 


m5  =  bU5  „/  PdT 


=  c51m1  +  c52m2  +  c53m3  + 


M. 


The  coefficients  in  equations  (12)  are  defined  by  the  geometry  of 
the  sensing  axes  of  the  real  sensors  and  the  sensing  axis  (l.e,,  u  ) 
chosen  for  the  pseudo  sensor.  5 


c  c  c  c 
51  52  53  54 


bU5 


(13) 


After  a  failure  is  detected,  stored  past  values  of  m  are  used  in  a 
least-squares  fit  to  obtain  polynomial  coefficients  with  which  to  predict 
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m,(t) 
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+  b51U  "  ^  +  b^(t  "  t^)  +  •••  +  b<-(t  " 


'52 
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The  least-squares  fit  should  be  based  on  recent  data,  but  should  not 
include  data  taken  after  the  failure  occurred.  The  interval  of  time 
between  the  apparent  time  of  failure  and  the  time  of  detection  is  the 
isolation  interval  for  identification,  t  The  detection  window  is 
greater  than  or  equal  to  the  number  of  points  in  the  backward  sum;  other¬ 
wise,  the  failure  would  not  have  been  detected  im  .  An  investigation 
was  made  to  establish  appropriate  values  of  the  length  x^,  of  the  fit 
interval  and  the  polynomial  order  of  the  fit,  using  recorded  laser  gyro 
data  from  laboratory  motion  simulator,  and  helicopter  flight  tests.  The 
motion  environment  included  static,  low  frequency  (ramp),  high  frequency 
(2  Hz)  and  flight  motion. 

Using  data  from  the  fit  interval  to  predict  the  output  of  the  pseudo 
sensor  in  the  isolation  interval  x  ,  the  first  four  pentad  parity  residuals, 
equation  (11),  are  evaluated.  These  residuals  are  summed  across  T  ^  and 
the  smallest  sum  in  magnitude  is  identified  as  corresponding  to  the  failed 
sensor . 

The  situation  shown  in  figure  3  is  for  a  failure  of  sensor  No.  3.  The 
failure  is  detected  at  time  t^.  The  apparent  time  of  failure  is  shown  as 
four  frames  earlier,  or  t  -  4A  .  Pseudo  sensor  fit  coefficients  are  com¬ 
puted  in  the  fit  interval  x^  which  includes  the  fit  reference  time,  t^. 

The  four  pseudo  sensor  parity  residuals,  e,,  are  summed  across  the  identifica¬ 
tion  interval,  T^.  The  failure  causes  three  of  these  sums  to  diverge  more 
dramatically  from  zero  than  does  Etj  ;  Ee^  exhibits  some  divergence, 
primarily  because  of  prediction  error.  The  rate  of  divergence  of  each  of 
the  other  parity  residual  sums  is  approximately  proportional  to  the  failure 
level  times  the  parity  coefficient  (equation  11)  which  multiplies  m^. 


In  summary,  the  pseudo  sensor  algorithm!  uses  stored  m  data  computed 
from  equation  (12)  to  calculate  coefficients  of  a  polynomialtlA)  for  the 
estimated  pseudo  sensor  output;  extrapolates  the  polynomial  to  obtain 
predicted  values  of  m,.  to  be  used  in  the  pseudo  sensor  parity  residual  sum 
equations  (11);  evaluates  and  integrates  the  pseudo  sensor  parity  residual 
sums,  £e  ,  (i  -  1,  2,  3,  M  over  x^  identifying  the  failed  sensor  as  the 
one  whose  parity  residual  sum  is  smallest  in  absolute  value. 

The  ability  of  the  pseudo  sensor  algorithm  to  correctly  identify  the 
failed  sensor  is  limited  by  the  ability  to  predict  the  output  of  the  pseudo 
sensor  across  the  isolation  interval.  The  tendency  of  prediction  errors  to 
grow  restricts  the  length  of  x^.  Prediction  errors  will  cause  the  four 
pseudo  sensor  parity  sums,  Ec.  through  Ec,,  to  diverge  from  zero,  even  in 
the  absence  of  failures.  If  the  prediction  errors  are  adequately  minimized, 
then  one  of  the  parity  residual  sums  (Ee_  in  figure  3)  will  not  diverge  as 
rapidly  as  the  others,  thus  making  failed-sensor  identification  possible. 

The  numerical  values  of  the  pseudo  sensor  parity  coefficients  depend 
or.  the  tetrad  configuration  as  well  as  the  relative  orientation  of  the 
pseudo  sensor.  It  is  desirable  that  all  the  coefficients  a  be  approxi¬ 
mately  equal  in  magnitude, 

The  ortho-skew  pseudo  sensor  algorithm  is  therefore  unavoidably  biased 
toward  selecting  some  sensors  as  failed  over  others  because  the  parity 
residual-sum  divergence  rates  differ  for  the  same  failure  level. 

Constrained  Fit  Algorithm  -  The  basic  idea  behind  the  constrained 
fit  algorithm  is  that  the  measurement  residual  (i.e.,  difference  between  a 
sensor's  observed  and  predicted  measurements  in  the  identification  interval 
x  ^ )  will  be  greater  for  the  failed  sensor  than  for  any  of  the  unfailed 
sensors.  This  strategy,  therefore,  also  requires  prediction  of  sensor  out¬ 
put  readings  in  the  identification  time.  Data  points  in  the  fit  interval 
x,  are  used  in  a  constrained  polynomial  fit  for  each  sensor.  The  constraint 
helps  to  smooth  out  noise  and  quantization  error  in  the  individual  sensor 
measurements  which  might  corrupt  an  unconstrained  fit  to  the  measurements. 
The  fit  constraint  also  tends  to  outweight  the  effects  of  failed  data  which 
may  lie  in  the  fit  interval  because  three  unfailed  sensors  "out-vote"  the 
failed  sensor  through  the  constraint.  The  apparent  point  of  failure  and 
the  identification  time  are  determined  by  summing  the  parity  residual  back¬ 
ward  from  the  point  of  detection  as  in  the  pseudo  sensor  algorithm.  The 
fit  intervals  ends  at  the  point  before  the  identification  interval  begins. 

The  predicted  output  value  of  the  itb  sensor  at  time  (t)  is  given  by 
"i(t)  =  bi0  +  bil(t_t0)  +  bi2(t_t0)2  +  •  •  •  +  bip^-to)P  (15> 
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where  the  coefficients  b  are  evaluated  from  measured  sensor  output  data 
in  the  fit  interval.  Equations  for  the  b^'s  are  developed  in  reference  3. 

Equation  (15)  is  used  to  predict  each  sensor's  output  in  the  identification 
interval.  The  residuals  6, .  which  correspond  to  the  difference  between  the 
actual  sensor  output  in  the  identification  interval  and  that  predicted  by  the 
polynomial  coefficients  (see  equation  (16)  ), 

<5  i  -  m1(t)  -  m^t)  (16) 


are  summed  across  t  ,  leading  to  a  largest  (absolute)  sum  for  one  of  the 
sensors.  The  largest  residual  sum  identifies  the  failed  sensor. 

Figure  4  illustrates  the  constrained  fit  algorithm.  The  measurement 
residual  sums,  16.,  are  shown  as  functions  of  time  in  the  identification 
interval,  T  .  Three  of  these  sums  wander  away  from  zero  as  a  result  of 
prediction  errors.  The  fourth,  that  of  sensor  No.  3,  is  shown  to  diverge 
more  rapidly  away  from  zero.  As  with  the  pseudo  sensor  algorithm,  prediction 
errors  can  mask  the  divergence  of  relatively  small  failures  and  cause 
mistakes  in  identification  of  the  failed  sensor. 


APPENDIX  B 


EXPERIMENTAL  FACILITIES  USED  IN  STUDY 

The  Tetrad  FO  algorithms  were  tested  with  real  time  laser  gyro  sensor 
data.  The  data  was  generated  in  the  facility  shown  in  figures  11  and  12 
and  in  the  UH-1H  helicopter  which  is  shown  in  figure  13.  The  helicopter 
flights  consisted  of  straight  path  and  triangular  segments  near  Moffett 
Field,  while  the  motion  simulator  tests  included  stationary,  0.1  Hz,  and 
2  Hz  sinisoidal  motion  In  one  or  two  axis. 

Motion  Simulator  Facility  Description 

The  Motion  Simulator  Facility  was  developed  at  Ames  Research  Center 
for  testing  inertial  sensor  system  concepts  applicable  to  strapdown 
inertial  sensors.  The  facility  includes  a  three-axis  gimballed  table;  two 
minicomputers;  a  dual-floppy  disk  based  microcomputer;  two  digital  magnetic 
tape  recorders;  a  line  printer,  and  other  peripherals  required  for  detailed 
system  testing.  An  adapter  plate  was  built  to  allow  the  laser  gyro  tetrad 
inertial  sensor  assembly  (ISA)  to  be  installed  on  the  motion  simulator. 

The  simulator  with  the  laser  gyro  ISA  is  shown  in  figure  11.  Figure  12 
shows  the  minicomputer  facility. 

The  attitude  simulator  includes  an  orthogonal  three-axis,  hydraulic 
driven  gimballed  system  controlled  by  an  electro-hydraulic  servo  whose 
attitude  inputs  can  be  derived  from  V/STOL  flight  profiles  prerecorded  on 
magnetic  tape,  or  by  a  function  generator  with  sine  wave,  triangular  wave, 
or  ramp  outputs  at  selected  frequencies  and  rates.  Monitoring  of  gimbal 
angles  is  accomplished  with  high  resolution  linear  inductosyn  digital  shaft 
encoders  whose  angular  resolution  is  2.5  arc  seconds.  The  table  is 
mounted  on  a  concrete  base  1.5  meters  (5  ft.)  in  depth,  which  is  in  turn 
supported  by  30.5  meter  (100  ft.)  pilings. 

The  data  acquisition  system,  schematically  shown  in  figure  14,  consists 
of  six  time-division  multiplexed  channels  which  are  used  to  transmit  both 
digital  and  analog  angular  position  information  from  the  gimbal  axis.  The 
information  from  the  analog  encoders  is  recorded  on  an  analog  recording 
system,  while  the  data  from  the  digital  shaft  encoders  is  displayed  and 
recorded  on  a  digital  magnetic  tape  recorder.  The  copied  and  formatted 
magnetic  tape  data  can  be  analyzed  by  the  central  computer  facility  at  Ames 
when  desired.  The  data  analysis  program  in  the  minicomputer  perform  the 
following  functions:  parity  error  computation,  sensor  cumulative  count 
averaging,  gyro  error  detection,  and  a  comparison  of  sensor  and  shaft 
encoder  angular  position  information.  The  output  of  each  program  can  be 
displayed  on  a  line  printer  for  quick-look  analysis. 
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TABLE  2  -  Orthogonal  Cyro  Detection  Interval  vs  Step  Failure  for  Stationary, 
O.lMs.,  2Ns.,  and  Flight  Test  (^lO.SHs)  Motion  Environments 
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TABLE  A  -  Pseudo  Sensor  Algor  It  ha  Success  in  Che  Presence  of  Hotlon 
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FIGURE  >  PSEUDO  SENSOR  ERROR  -  PARABOLIC  FIT  (5- FRAME  FIT  INTERVAL ^ 


FIGURE  9  *  CONSTRAINED  FIT  ERROR  -  PARAROLIC  FIT  (5-FRAME  FIT  INTERVAL ) 
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FIGURE  14 


DATA  ACQUISITION  SYSTEM 


NOTATION 


pentad  parity  coefflcents  used  in  Che  pseudo  sensor 

subscript  or  superscript  for  "body"  frame 

aenaor  bias  error 

bias  compensac ion  for  aenaor  l 

polynomial  coefficient  for  aenaor  1,  order  ), 
prefailure 

paeudo  aenaor  mapping  coefficients,  prefailure 

(1)  summed  parity  residual  detection  threshold  value; 

(2)  subscript  for  "detection" 

(l)  subscript  for  sensor  number;  (23  subscript  for 
"Isolation";  (3)  summation  index 

index  usually  used  for  polynomial  order 

angle  between  the  skewed  sensor  and  each  mutual  Igr 
orthogonal  sensor  in  the  ortho-skew  conf igurat ion 

measurement  4-vector  whose  elements  are  m^  ,  m^(.t)  at  time  r 

measurement  from  sensor  t  at  time  r 

estimated  or  predicted  value  of  m,  m 

•  1 

number  of  data  points  (frames)  In  the  fit  Interval 

(1)  phenomenological  input  vector  (il  or  F) ;  (2)  order  of 
a  polynomial 

quantisation  In  engineering  units  per  count  in  sensor  output 
quantisation  error  in  sensor  1 

random  or  unmodeled  error  in  the  output  of  sensor  ( 
scale  factor  and  alignment  compensation  vector  for  sensor  1 


subscript  meaning  "transposed" 
fit  reference  time 

transformation  from  body  to  tetrad  coordinates 

transformation  from  tetrad  to  body  coordinates 

matrices  whose  four  columns  are  u  or  u  for  1*1, 

2 ,  3,4  ®  i  1  1 

unit  vector  along  the  in  put  axis  of  sensor  i 

Uj  expressed  in  the  body  (b)  or  tetrad  (t)  frame 

parity  residual  which  excludes  the  fifth  (pseudo)  sensor 
vised  for  detection  of  failure 

parity  coefficient  corresponding  to  sensor  No.  1 
parity  coefficient  of  the  apparently  failed  sensor 

parity  coefficient  corresponding  to  sensor  No.  2 

parity  coefficient  corresponding  to  sensor  No.  3 

measurement  sampling  interval  or  time  corresponding  to 
one  data  frame 

rotation  increment  measured  hy  gyro  i  at  time  t 

measurement  residual  of  sensor  1  used  in  the  constrained- 
fit  strategy 

(1)  time  relative  to  the  fit  reference  time,  t  ;  (2>  time 
variable  for  Integration;  (3)  generic  time,  as  in  m(i) 

time  interval  corresponding  to  the  detection  window 

time  interval  used  in  a  polynomial  fit 

time  interval  for  isolation 


angular  velocity 


integer  part  of  x 


estimated  or  predicted  value  of  x 


error  in  estimating  x 


tetrad  parity  residual  excluding  sensor  1  in  the  pseudo 
sensor  configuration 


(1)  time;  (2)  subscript  or  superscript  for  "tetrad 

frame 


apparent  time  of  failure 


time  of  failure  detection 
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